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Abstract: Sickle cell disease (SCD) is the most common hereditary disorder of hemoglobin (Hb),
which affects approximately a million people worldwide. It is characterized by a single nucleotide
substitution in the f-globin gene, leading to the production of abnormal sickle hemoglobin (HbS)
with multi-system consequences. HbS polymerization is the primary event in SCD. Repeated
polymerization and depolymerization of Hb causes oxidative stress that plays a key role in the
pathophysiology of hemolysis, vessel occlusion and the following organ damage in sickle cell
patients. For this reason, reactive oxidizing species and the (end)-products of their oxidative reactions

have been proposed as markers of both tissue pro-oxidant status and disease severity. Although more
check for
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studies are needed to clarify their role, antioxidant agents have been shown to be effective in reducing
pathological consequences of the disease by preventing oxidative damage in SCD, i.e., by decreasing
the oxidant formation or repairing the induced damage. An improved understanding of oxidative
stress will lead to targeted antioxidant therapies that should prevent or delay the development of
organ complications in this patient population.
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1. Introduction

Sickle cell disease (SCD) is an inherited hemoglobinopathy and the most common
severe monogenic disorder in the world. The United Nations (UN) and the World Health
Organization (WHO) define the inherited blood disorders such as SCD as a global health
problem, since there are more than 300,000 births annually affected [1-3].

This disease prevails in large areas of sub-Saharan Africa, the Middle East, India,
the Caribbean, South and Central America, some countries along the Mediterranean Sea,
as well as the United States and Europe. The global distribution of SCD is driven by two
factors: (i) selection for carriers through their survival and (ii) population movements [4-6].

SCD is caused by a single nucleotide substitution (GTG for GAG) at the sixth codon
of the 3-globin gene, which is located on the short arm of chromosome 11 [7]. This induces
the substitution of valine for glutamic acid at the sixth amino acid position in the 3-globin
chain, leading to the production of abnormal HbS (sickle hemoglobin), which has the
propensity to polymerize under conditions of low oxygen saturation, such as occur in the
microcirculation [8]. HbS polymerization is the primary event in SCD. Repeated polymer-
ization cycles cause irreversible damage to red blood cell (RBC) deformability, while a
single polymerization results in reversible decreased RBC deformability and increased
mechanical fragility [9].
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In addition to homozygous sickle cell disease (HbSS), other forms of such sickling
hemoglobin anomalies exist, such as HbSC disease and HbS{3-thalassemia [10]. Repeated
sickling of the RBCs results in membrane fragility and hemolysis, ischemia-reperfusion,
occlusion of post-capillary venules and infarction [11].

Sickle cell disease is a chronic disease that has detrimental effects on the entire body
and requires a multidisciplinary team for management.

In addition to HbS polymerization, vessel occlusion and hemolytic anemia, which play
a central role in the pathophysiology of SCD, vascular-endothelial dysfunction, functional
nitric oxide deficiency, inflammation, oxidative stress, reperfusion injury, hypercoagu-
lability, increased neutrophil adhesiveness and platelet activation can lead to several
complications [4].

A wide variability was observed in the clinical severity of SCD, as well as in the life
expectancy [12]. Genetic variants controlling the expression of the HbF (fetal hemoglobin)
genes and coinheritance of the a-thalassemia gene are associated, on average, with milder
SCD phenotypes [12]. The role of other potential genetic modifiers is less clear.

The health and survival of children with sickle cell disease has been improved con-
siderably by penicillin prophylaxis, pneumococcal immunization, advent of newborn
screening and education about disease complications.

Wider use of transfusions, hydroxycarbamide and newer therapeutic approaches
have offered hope for improved health-related quality of life and decreased mortality.
Nevertheless, even with the best of care, life expectancy of affected adults is still reduced
by about 30 years.

Pathological events occurring in sickle cell disease increase the free-radicals generation
through activation of pro-oxidant enzymes, release of free hemoglobin, and heme induced
by hemolysis which foster Fenton reaction, modification of mitochondrial respiratory chain
activity and RBC auto-oxidation [10,13,14]. Excess of free radicals contributes to increased
oxidative stress in RBCs, endothelial cells (ECs), neutrophils and platelets, which manifests
as multiorgan vasculopathy.

Oxidative stress is defined as the imbalance between the levels of reactive oxygen
species (ROS), reactive nitrogen species (RNS) and antioxidants activity or concentration.
ROS derive from the reduction of molecular oxygen and include radical species, such as the
poorly reactive superoxide anion radical (O,°7) and the strong reactive hydroxyl radical
(*OH), as well as non-radical oxidants such as hydrogen peroxide (H,O;), hypochlorous
acid (HCIO) and hypobromous acid (HOBr) [11,14,15]. Similarly, RNS include radical
species, such as the poorly reactive nitric oxide (*INO) and nitrogen dioxide (*NO,) and non-
radical species such as nitrous acid (HNO,), dinitrogen trioxide (N;O4) and peroxynitrite
(ONOO™). The latter, formed by the interaction between *NO and O,°~, can induce
irreversible modification of the activity and function of several key intracellular targets
through the formation of strong oxidizing radicals such as *NO, and carbonate radical
(CO3°). Moreover, peroxynitrite can induce the oxidation and nitration of sensible key
target compounds, such as thiols, damaging cell membranes and mitochondria, causing
DNA strand breakage and apoptosis [16]. The oxidation of biological molecules such
as proteins, lipids, carbohydrates and DNA persists when it is not neutralized by the
defense mechanisms, leading to impaired intracellular signaling, cellular dysfunction and
death [10,11].

To counteract ROS and RNS, both non-enzymatic and enzymatic defense mechanisms
have evolved [10,11]. Non-enzymatic antioxidants include ascorbic acid, glutathione,
tocopherols, carotenoids, riboflavin and microelements such as zinc [10]. Enzymatic antiox-
idants include superoxide dismutase (SOD), catalase (Cat), glutathione peroxidase (Gpx),
glutathione reductase, glutaredoxin (Grx), thioredoxin/thioredoxin reductase system and
peroxiredoxins (Prx) [10].

Due to the high levels of oxidative stress, levels of both enzymatic and non-enzymatic
antioxidants are reduced in SCD [16-18]. A wide range of non-enzymatic antioxidants
has been found to be deficient in red blood cells, mononuclear cells, and platelets of SCD
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patients. They include glutathione, vitamin E and C, 3-carotene, and plasma retinol [16-19].
Serum and plasma levels of the enzymatic antioxidants SOD, Gpx and Cat are also dimin-
ished [16-19].

The emerging idea for new SCD therapeutic approaches is that vasculopathy, adhesion
events and inflammation, formation of dense RBCs, as well as oxidative stress might
constitute new pharmacological targets. Oxidative stress is an important feature of SCD.
In fact, reactive oxidizing species and the (end)-products of their oxidative reactions are
potential markers of disease severity, thus representing targets for antioxidant therapies.

This review summarizes our current understanding on the mechanisms of oxidative
stress in SCD and discusses the involvement of reactive oxidizing species in the SCD
pathophysiology and management.

2. Source of ROS in SCD

In SCD, reactive oxidizing species are generated by sickle RBCs as well as by activated
leukocytes, platelets, ECs, and plasma enzymes. Several mechanisms contribute to ROS
and RNS formation in tissues of SCD patients such as (i) increased activity of nicotinamide-
adenine dinucleotide phosphate (NADPH) oxidase and endothelial xanthine oxidase
(XO) [8,10], (ii) HbS autoxidation [11], (iii) heme and iron release, (iv) increased asymmetric
dimethylarginine (ADMA) [12,13], and (v) uncoupling of nitric oxide synthase (NOS)
activity and decreased *NO bioavailability [20].

2.1. Increased Activity of Several Oxidases

It has been demonstrated that in SCD, the enzymes NADPH oxidase, XO and uncou-
pled endothelial nitric oxide synthase (eNOS) can generate ROS in the vascular compart-
ment [21-24].

NADPH oxidase is the major O,*~ producing enzyme in leucocytes, vascular endothe-
lial cells and RBCs. ROS produced by activated leucocyte NADPH oxidase contribute
to the hemolysis associated with infections or vessel occlusive crises [23]. The O,°~,
derived from endothelial cell NADPH oxidase, contributes to the pro-inflammatory and
pro-thrombogenic responses associated with SCD [24]. In RBCs, NADPH oxidase activity
is regulated intracellularly by protein kinase C and Rac GTPases and extracellularly by
signaling factors such as transforming growth factor 31 and endothelin-1 present in the
plasma from SCD patients [24]. ROS derived by RBC NADPH oxidase may cause direct
oxidative damage to a variety of subcellular structures, reducing RBC deformability and
resulting in increased RBC fragility and hemolysis [24].

XO represents a potent source of superoxide O,*~ and H,O,, and its activity is
increased in the plasma of SCD patients. The source of XO is not completely clear,
but episodes of hypoxia/reoxygenation in SCD patients can stimulate the release of this
enzyme from the liver into the circulation. Increased circulating XO can then bind avidly to
vessel luminal cells and impairing vascular function and creating an oxidative milieu [25].

2.2. HbS Autoxidation

Normal RBCs continuously generate ROS during oxygenation/deoxygenation cycles
occurring in the circulation. The oxygen exchange physiologically generates a continu-
ous slow autoxidation of oxygenated Hb (ferrous, Hb-Fell) producing O,*~ and methe-
moglobin (ferric, Hb-Felll), which no longer binds oxygen, at a rate of 0.5-3% per day.
The spontaneous and enzymatic O,°~ dismutation forms H,O,, but both these species are
neutralized by the efficient RBC antioxidant system involving both non-enzymatic low
molecular weight antioxidants (glutathione, ascorbic acid and vitamin E) and enzymatic
antioxidants (SOD, Cat, GR, Prx2 and Gpx). These antioxidant activities, coupled to the
methemoglobin reductase-dependent reduction of Hb-Felll to Hb-Fell, preserve RBCs
integrity and function. Under conditions of oxidative stress, ROS are produced in greater
quantities in normal RBCs, which by activating the pseudo-peroxidase cycle detoxify the
generated oxidants leading to the complete consumption of HyO,.
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In SCD, intravascular hemolysis results in the toxic accumulation of free HbS and
heme in the plasma (Figure 1). Compared to normal Hb, HbS molecules are highly unstable
in particular under hypoxic condition and more prone to autoxidation [26,27]. The rate of
HbS autoxidation has been calculated to be about 2 times faster than that of normal Hb,
resulting in the increase of about 2 times the generation of O,°~, H,O,, *OH and lipid
oxidation products [28,29]. This exacerbated pseudo-peroxidase cycle is followed by heme
release and iron loss, both able to amplify oxidative reactions. In addition, the autoreduc-
tion of ferryl back to ferric heme is slower than that of normal Hb, leading to a longer lived
and more damaging free ferryl Hb and to free ferryl radical. The latter has been shown to
migrate and induce further damage in the protein, including the irreversible oxidation and
dimerization of Cysf393, as well as to induce, in target cells, damage and dysfunction in
other biological organelles, such as in the mitochondria likely, contributing to SCD-induced
vascular pathology [29]. In SCD, as well as in other hemolityc disorders, the high amounts
of plasma hemoglobin is in the ferrous form and can stoichiometrically react with equiva-
lent amounts of *NO [30]. This reaction leads to the in vivo formation of *NO-hemoglobin
deoxygenation end-products (methemoglobin, nitrate) and iron-nitrosylhemoglobin com-
plexes, thus contributing to decrease *NO bioavailability [30].

2.3. Heme and Iron Release

Under mild to moderate hemolysis, Hb is bound in plasma by haptoglobin (Hp)
forming a complex, which prevents the release of free iron while continuing to maintain the
ability to bind *NO [31]. The complex is internalized and degraded through the CD163 re-
ceptor found on macrophages and CD91 receptors found on hepatocytes [32]. The release of
heme from HbS is faster than from normal Hb [29]. Its characteristic hydrophobicity allows
heme to intercalate into the cell membranes and magnify the intracellular heme-dependent
reactive oxidizing species generation. In addition, under inflammatory condition, O,°*~ and
H;,0;, released by activated cells, can react with heme and catalyze both the non-enzymatic
generation of reactive oxidizing species as well as the release of free reducing ferrous
ions, which in turn may increase the Fenton-driven reactions and induce further oxidative
and nitrosative stress [33] (Figure 1). These events amplify the formation of ROS inside
cells leading to additional damage to intracellular components including proteins, lipids,
and DNA [34,35]. Consequently, fundamental functions of cells may be compromised by
this heme- and iron-mediated increase of ROS formation, such as the intracellular signaling
mediated by oxidant-sensitive targets, the expression of pro-inflammatory transcription
factors, the integrity of membrane channels, the activity of metabolic enzymes, inducing
finally cell apoptosis and death. In addition, heme-derived oxidants induce recruitment
of leukocytes, platelets and RBCs to the vessel wall; produce lipoproteins oxidation and
consume *NO in the formation of strong oxidants such as ONOO™ (Figure 1) [36].
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Figure 1. Pathophysiological effects of oxidative stress in sickle cell disease (SCD). Following oxygenation/deoxygenation

cycles, HbS in RBCs undergoes autoxidation generating reactive oxidizing HyO, and the release of free heme and iron.
Heme and iron are key players in SCD oxidative damage by (i) catalyzing the generation of strong oxidizing species,
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such *OH and ferrylHb through the H,O,-dependent Fenton reaction; (ii) boosting platelets activation and adhesion
to endothelial cells; (iii) stimulating the Toll-like receptor-4 (TLR4) in endothelial cells, and promoting inflammasome
activation and cytokines production (IL-1§3, IL-6, IL-18, TNF-«x) through NF-kB-linked pathways, (iv) activating neutrophils,
leading to the release of neutrophil extracellular trap which can also affect endothelial cells and act as a scaffold for platelets
and RBCs; (vi) favoring the expression of adhesion molecules (VCAM-1, ICAM-1, E-selectin, P-selectin) that are all markers
of endothelial dysfunction and function as receptors for leukocyte (lymphocytes, neutrophils and monocytes); and (vi)
stimulating the blood coagulation, inducing the exposure of intraluminal tissue factor in endothelial cell boosting the
coagulation cascade through binding of tissue factor with Factor VIIa. Importantly, the vascular availability of *NO,
which has well known vasodilating, anti-thrombotic, and anti-inflammatory properties, is decreased by the hemolysis-
mediated release of (i) HbS and free heme, which can bind *NO in plasma, (ii) the enzyme L-arginase, which degrades
the nitric oxide synthase substrate L-arginine to ornithine, and (iii) the O,*~ enzymatically produced by ROS-generating
enzymes (NADPH oxidases, xanthine oxidase and uncoupled NOS) in activated leukocytes and platelets. In this latter case,
the fast reaction between *NO and O,°~ produces the strong oxidant peroxynitrite (ONOO™) and its derived oxidants
(such as *OH, *CO;3, *NO,). The pro-oxidant status of SCD blood induces the depletion of both extra- and intra-cellular
antioxidant defenses. The enhanced release of MPs by SCD RBCs could further exacerbate inflammation and oxidative
stress, being overloaded with pro-oxidants molecules (methemoglobin, heme/iron and their derived oxidation products).
All these combined pathways contribute to activate a vicious circle, which amplifies the formation of ROS from heme/iron
and in cells activated as a result of inflammation. Moreover, it inhibits antioxidants depletion or in some cases boosts their
replenishment (see the text) and promotes the oxidation of intra- and extracellular targets, i.e., proteins and lipids leading
to the formation of asymmetric-dimethyl arginine (ADMA). In particular, new carbonyl groups can be introduced into
proteins by: (i) direct oxidation of lysine, arginine, proline and threonine residues; (ii) reaction of oxylipin carbonyls bearing
«,B-unsaturated bonds, such as a number of aldehydes (e.g., acrolein, malondialdehyde [MDA], 4-hydroxy-2-nonenal
[HNE], 4-hydroxy-2-hexenal (HHE)) and some isoprostanes deriving from the peroxidation of polyunsaturated fatty
acids (PUFAs), with lysyl residues; (iii) reaction of reducing sugars and their oxidation products (e.g., ketoaldehydes like
methylglyoxal, deoxyosones like 3-deoxyglucosone and ketoamines) with lysyl residues [37]. Compounds in group (ii)
are referred to as “advanced lipoxidation end-products” (ALEs). Compounds in group (iii) are referred to as “advanced
glycoxidation end-products” (AGEs). This inclusive definition should be preferred over the widespread definition of
“advanced glycation end-products”. Oxylipin carbonyls bearing «,-unsaturated bonds, such as acrolein, MDA, HNE,
HHE and some F2-isoprostanes deriving from the endocyclization of lipid hydroperoxyl radicals are collectively referred to
as “reactive carbonyl compounds” [38]. Reactive compounds generated by these mechanisms participate in the vicious
cycle of leukocyte and endothelial cell activation, leukocyte aggregation with RBCs/MPs and platelets, and eventually
vascular occlusion.

2.4. Decreased *NO Bioavailability

6 of 27

In SCD, all *NO biological functions, including the regulation of vascular tone, the con-
trol of cell activation, aggregation and adhesion in the vascular compartment, are compro-
mised so that vasoconstriction, pulmonary hypertension, endothelial dysfunction, throm-
bosis and inflammation characterize the vasculopathy linked to this disease [39-41]. In the
absence of interactions with biological targets, *NO reacts with oxygen (9 x 10" M~!s™1)
to form nitrite. In biological systems, this reaction is slower with respect to those occur-
ring with metal-containing macromolecules generating either nitrate, as in the case of
hemoglobin (6-8 x 107 M~!s~!) and nitrite in the case of ceruloplasmin acting as a *NO
oxidase and nitrite synthase [42]. Nitrite is not an inert end-product, but it has bioactivity
since it can generate *NO from its reaction with metalloproteins, as in the case of HbS itself,
which has been reported to possess nitrite reductase activity [43]. In addition, the con-
centration of these *NO-derived metabolites is deeply affected by the dietary intake and
renal function. In plasma of SCD patients, the concentrations of nitrite and nitrate appear
to undergo modifications, i.e., in the steady state of disease they have been found to be
comparable to those measured in normal volunteers, but they decreased with acute pain
and acute chest syndrome [44,45]. The impairment of *NO availability in SCD is mainly
linked to the intravascular hemolysis (Figure 1). Cell-free hemoglobin has indeed a large
impact on the bioavailability of *NO. While the reaction of *NO with oxygenated Hb
results in methemoglobin and nitrate formation, its binding to deoxygenated hemoglobin
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favors the formation of a stable FellHb-NO complex, which can be involved in Fenton
reactions [36]. Interestingly, a gender difference was also described in *NO availability in
SCD patients. In particular, thanks to the protective effects of estrogen on the expression
and activity of NOS, women are more protected from the decrease of *NO availability [46].

Another crucial metabolite contributing to vascular impairment in SCD is L-arginine.
Besides being used by NOS to generate *NO, L-arginine is also the substrate of the enzyme
arginase, which competes with NOS for L-arginine, generating urea and ornithine. Since the
arginase activity is significantly high in RBCs compared to plasma [47], the hemolysis
causes the release of the enzyme from RBCs into plasma allowing to the rapid consumption
of L-arginine, reducing the substrate for *°NO synthesis and consequently its bioavailability
in SCD (Figure 1) [48]. In SCD patients the L-arginine supplementation increases both the
nitrite plasma concentration as well as the HbF synthesis, suggesting the beneficial effects
of *NO on the erythroid progenitor cells [49].

Finally, *NO-derived metabolite nitrite is also consumed by the heme-containing
myeloperoxidase (MPO). This enzyme, localized within neutrophils and released upon cell
activation, catalytically reacts with nitrite in the presence of HyO,, generating powerful
radical intermediates, such as nitrogen dioxide (*NO,), which can oxidize and nitrate pro-
tein tyrosine residues [50]. MPO also could contribute to the pulmonary hypertension and
acute chest syndrome in SCD, since elevated MPO immunoreactivity has been measured
in the alveolar epithelium of lung tissues from patients with SCD [51].

2.5. Uncoupling of NOS Activity

Under normal conditions, the oxygenase and reductase subunits of NOS dimerize in
the presence of O, and the cofactors NADPH and tetrahydrobiopterin (BH4), allowing to
convert L-arginine into *NO and L-citrulline. BH4 and L-arginine maintain the enzyme as a
dimer and thus are key regulators for NOS activity, so that when their concentration is low,
the enzyme dissociates into monomers generating O,°~ instead of *NO, a phenomenon,
which has been named “NOS uncoupling”. NOS uncoupling and generation of O,°*~ may
be favored in SCD, i.e., when hemolysis determines reductions of the concentrations of
L-arginine [22] and BH4 due to its oxidation mediated in particular by ONOO"™ abundantly
produced in SCD (Figure 1) [22,52]. This condition further reduces *NO bioavailability
in both SCD and other vasculopathies [53]. Loss of *NO bioactivity and oxidative stress
increases the risk for further vessel occlusion by pro-inflammatory effects that render
endothelial cells more adhesive and chemo-attractive for circulating leukocytes, promoting
thrombotic mechanisms.

2.6. Increased Asymmetric Dimethylarginine

Asymmetric dimethylarginine (ADMA), a methyl derivate of the amino acid arginine,
is produced by the physiological degradation of methylated proteins. It is continuously
produced in various cell types, including endothelial cells. ADMA is the major endogenous
inhibitor of NOS competing with the enzyme’s natural substrate L-arginine for binding at
the active site of the enzyme. In addition, ADMA boosts all NOS isoforms to uncouple,
by converting them from *NO-producing enzymes to enzymes generating O,°~ and the
derived oxidants (i.e., HyO,, *OH) [54,55], contributing to increase oxidative stress and
decrease the *NO bioavailability. Elevated plasma concentrations of ADMA represent a
novel risk factor for the development of endothelial dysfunction and a predictor for all-
cause and cardiovascular mortality. Increased plasma ADMA levels mainly occur following
inhibition of the enzyme responsible for ADMA catabolism, dimethylarginine dimethyl-
amino-hydrolase (DDAH), by oxidative stress triggered by several cardiovascular risk
factors. Increased plasma levels of ADMA have been found in SCD patients that further
limiting *NO bioavailability, and these increased plasma levels were associated with
increased amounts of soluble vascular cell adhesion molecule-1 (sVCAM-1), a marker of
endothelial activation normally suppressed by *NO [56]. In SCD patients, ADMA is also
associated with hemoglobin levels suggesting a correlation with more severe intravascular
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hemolysis. Moreover, high ADMA levels in plasma may be associated with SCD-related
pulmonary hypertension and early death [56,57]. Indeed, high plasma ADMA levels are
correlated with the hemolytic markers and may represent a risk factor for high tricuspid
regurgitated jet velocity in children with SCD [58].

3. Oxidative Damage to Intracellular Components in SCD RBCs

As reported above, the common denominator in the damaged SCD RBCs is the
increased HbS auto-oxidation and the Fenton chemistry driven by denatured heme bound
to the RBC membrane, further the amplified by the oxidants generated by the increased
activity of ROS-generating enzymes.

The repeated HbS polymerization and depolymerization causes increased ROS gener-
ation [40,41]. In addition, HbS polymerization, linked to the oxygenation/deoxygenation
cycles, induces conformational change in the molecule leading to the formation of HbS
polymers (Figure 1). These polymers boost oxidative stress and, growing rapidly to form
long fibers, increase cellular rigidity, deformability and alter cell membrane leading to RBC
sickling, cellular energetic failure, impaired rheology, and hemolytic anemia [59].

A significant ROS production within sickle RBCs is mediated enzymatically by
NADPH oxidase and stimulated by plasma signaling factors [24]. In particular, ROS de-
rived by NADPH oxidase may cause direct oxidative damage to a variety of subcellular
structures, reducing erythrocyte deformability and resulting in increased RBC fragility
and hemolysis [24]. NADPH oxidase activity may deplete the cellular pool of NADPH,
thus impairing the ability of the RBC to maintain its antioxidant defenses. In RBCs from
SCD patients, oxidative stress has an effect on cytoskeletal proteins as well as on cell
membrane. ROS produced at the plasma membrane level indeed are not readily scavenged
by the cytoplasmic antioxidant system [60] and can boost further oxidative damage to
membrane lipids and proteins [61].

3.1. Oxidative Damage to SCD RBCs Cytoskeletal Proteins

Due to their chemical properties, oxidizing species directly react with targets molecules
inducing reversible or irreversible post-translational protein modifications (PTPM) in
specific amino acid residues, such as cysteine, tyrosine, tryptophan and methionine.
These PTPM are of particular importance when generated in molecules involved in intra-
cellular signaling since they can affect cell functions and fate. Reversible PTPM, oxidation
(sulfenylation, nitrosylation, glutathionylation, sulfhydration, sulfenic acid and disulphides
formation) is indeed the basis of the thiol-mediated redox-based signaling, while the irre-
versible PTPM oxidation (carbonylation, nitration, sulfonic acid formation) allows in most
cases functional decline of the target proteins.

Two others key PTPM are phosphorylation and ubiquitination. The phosphorylation
is the most common reversible PTPM regulating the intracellular signaling dependent on
enzymes and receptors, which undergo to continuous phosphorylation and dephosphory-
lation events. Less investigated than phosphorylation, ubiquitination is an ATP-dependent
irreversible PTMP of a target molecule consisting in the covalent binding of ubiquitin
mediated by the selective proteolytic system (the ubiquitin proteasome system), active in
human RBCs and found to be associated with protein oxidation and aggregation [62].

The cytoskeleton of RBCs is a dynamic and complex structure. Its assembly and
integrity are fundamental pre-requisites for the survival and deformability during their
transit through capillary networks. Cytoskeleton lies under the lipid bilayer of the cell
membrane and consists of « and 3 spectrin heterodimers anchored to the lipid bilayer
by the band 3/ankyrin protein complex [63]. Spectrin is a major target of reactive ox-
idizing species and its oxidation results in disruption of its interaction with actin and
protein 4.1 [63].

In RBCs from SCD patients, several proteins undergo oxidative-mediated PTPM,
including HbS itself and several cytoskeletal proteins. Moreover, revealed in RBCs from
transgenic SCD mice, these irreversible PTPM detected in HbS were found in 3 chain
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and included the irreversible oxidation of Cys93 and the ubiquitination of Lys96 and
Lys145 [64,65]. HbS ubiquitination has been attributed to the accumulation of oxidatively
damaged HbS molecules in RBCs as well as in MP and could be due to the likely redox
imbalance-dependent proteasomal inhibition in SCD [64]. A recent analysis of RBCs
and MP proteome showed, in addition to higher amounts of protein carbonyl groups,
increased phosphorylation and ubiquitination of cytoskeletal proteins from patients SCD
with respect to control cells [65]. Interestingly, these PTPM have been identified in band 3,
spectrin, ankyrin, carbonic anhydrase, and band 4.1 and were significantly reduced after
the treatment in vivo with hydroxyurea [65].

Undoubtedly, the tyrosine phosphorylation of band 3 is a key mediator in the events
leading to intravascular hemolysis and MP release, hesitating in vasoocclusion in SCD [66].
In RBCs, band 3 tyrosine phosphorylation is regulated by the activity of phosphotyrosine
kinase (p72Syk) which phosphorylates the protein and phosphotyrosine phosphatase en-
gaged to dephosphorylate it. Being a redox sensor, the activity of tyrosine phosphatase is
inhibited under oxidative stress conditions favored by HbS autoxidation, and the conse-
quent up-regulation of band 3 tyrosine phosphorylation favors the dissociation of band 3
from the other cytoskeletal proteins (spectrin and actin), altering the RBSs morphology [66].
Interestingly, in RBCs from SCD patients, the degree of band 3 tyrosine phosphorylation
correlated with the amount of intracellular HbS of cell-free HbS and RBC-derived MPs in
blood plasma. Importantly, the inhibition of the phosphotyrosine kinase inhibited Band
3 tyrosine phosphorylation preventing the amounts of cell-free Hb and the release of
RBC-derived MPs [66].

The increased HbS autoxidation in SCD is known indeed to favor the formation of
metHb oxidation products (hemichromes) and heme loss, as well as the irreversible protein
denaturation and precipitation as Heinz bodies.

Hemichromes have a strong affinity for cytoplasmic domain of band 3 and, following
their binding, lead to band 3 oxidation and clusterization.

Moreover, in other hemolytic disorders such as thalassemia, it has been demonstrated
that hemichromes phosphorylate the band 3 protein, inducing membrane instability and
release of micro-particles having an increased thrombotic risk in hemolytic disorders [67].

Moreover, an increase of ROS production by auto-oxidized HbS can increase the accu-
mulation of oxidative lesions by membrane components (Figure 1). In particular, they can
degrade polyunsaturated lipids forming malondialdehyde as a by-product and damage
proteins localized in the region near membrane-associated hemoglobin [68]. HbS has a
higher affinity for band 3 than normal Hb [69] and hemichromes derived from the au-
toxidation of membrane-associated HbS consistently establish a disulfide bond with the
cytoplasmic domain of band 3. This binding activates the tyrosine kinase-linked RBCs intra-
cellular signaling leading to the phosphorylation of band 3 cytoplasmic domain, to band 3
clusterization and to the rupture of the binding with the other cytoskeletal protein ankyrin.
Reactive oxidizing species production can directly oxidize and induce conformational mod-
ifications of the membrane protein band 3 and abnormal exposure of phosphatidylserine
(PS), considered marker of RBC senescence. The band 3 is the main RBC membrane protein
essential for ensuring structural cytoskeletal organization. It is an important candidate
to participate in RBC-vascular endothelium interaction. Blebs and micro-particles (MPs)
containing HbS-derived oxidation products, such as metHb, heme and its derived oxida-
tion products (hemin) as well as free iron, accumulate in there and are then released in the
vasculature from RBCs membrane (Figure 1) [70,71]. This event produces three significant
consequences: (i) inhibition of the adherence of sickle cells to endothelium, (ii) occurrence
of binding sites for natural band 3 antibodies (IgG class) that are able to react with the
complement system, and (iii) boosting of increase oxidative stress and vasculopathy asso-
ciated to SCD. Importantly, the recognition by complement system leads to elimination
of the labeled cells by macrophages in the spleen [72]. Plasma from SCD patients is rich
in RBC-derived MPs, which contain heme and express PS [73]. It has been demonstrated
that RBC membrane alterations in SCD enhance the activation of acid sphingomyelinase,
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contributing to RBC-derived MPs generation. In addition, the circulating heme-overloaded
MPs can in this manner transfer the pro-oxidant heme potential to the vasculature con-
tributing to increase oxidative stress-mediated pathophysiology of vascular dysfunction
in SCD [73,74] (Figure 1). MPs can be also internalized by myeloid cells and promote
pro-inflammatory cytokine secretion and endothelial cell adhesion [74,75].

3.2. Oxidative Damage to SCD RBCs Membrane Lipids

In addition to protein components, the RBC membrane is composed by a lipid bilayer
consisting of a highly complex and dynamic system where lipids are continuously renewed.
The lipids can move across the bilayer always providing the suitable environment for
the membrane proteins and maintaining the proper barrier separating the intracellular
compartment from the extracellular one. Mature RBC lipid bilayer is composed mainly by
(i) phospholipids, i.e., phosphatidylcholine (PC), phosphatidylethanolamine (PE) and PS;
(ii) sphingomyelin (SM); and (iii) cholesterol. In RBCs these lipid species are highly
organized in asymmetric specific phospholipids (micro-domains). As an example, PS is
exclusively in the inner leaflet of the bilayer and the PC and SM mainly in the outer leaflet.
These micro-domains maintain highly conserved interactions with the membrane proteins
focused to regulate the traffic of ions and signals across the bilayer. In general, the oxidative
reactions occurring on lipids can be induced through (i) a radical-dependent mechanism,
involving oxidative intermediates derived from O,°*~, *NO or *OH radical generated by the
metal-catalyzed HyO, reactions; (ii) a non-radical, non-enzymatic-dependent mechanism,
involving species such as HOC], singlet O, and ozone (O3); and (iii) a enzymatic-dependent
mechanism, involving enzymes such as lipoxygenase and cyclooxygenase [76]. As a
function of the involved oxidant species, the lipid oxidation/peroxidation products include
simple hydroxy fatty acids, oxidized cholesterol species, isoprostanes, nitro-fatty acids and
lipid aldehydes [76].

In SCD RBCs, the main mechanism involved in lipid oxidation is mediated by forma-
tion of ROS and heme-dependent intermediates. The presence of auto-oxidizing HbS in the
membrane and the high rate of intracellular ROS production result in the oxidative damage
to membrane lipids, to the loss of membrane lipid asymmetry resulting in altered mem-
brane surface properties and permeability as well as to PS exposure [77]. PS externalization,
linked to a Ca,*-dependent and thiol-mediated mechanisms involving enzymes such as
flippase and scramblase in SCD RBCs [78], is a critical event in the disease progression.
In SCD indeed, spleen activity to remove these PS-exposing RBCs is compromised, and this
explains the high numbers of these cells in the SCD patients circulation [77]. PS externaliza-
tion is considered a hallmark of premature cell aging favoring the removal of RBCs from
the circulation, contributing to the occurrence of anemia as well as of vaso occlusion and
endothelial dysfunction as a consequence of the interactions of PS-exposing SCD RBCs
with platelets and vascular endothelium [79].

Moreover, SCD is characterized by increased plasma levels of secretory phospholipase
A2 (sPLA2), a potent inflammatory mediator able of selectively hydrolyze phospholipids
in RBCs exposing PS, promoting their hemolysis [80,81]. Activation of sPLA2, by phospho-
lipid hydrolysis, also generates phospholipid breakdown products affecting endothelial
function [81]. Moreover, PS-exposing RBCs show the activation of a phospholipase D,
which catalyzes the hydrolysis of PC into phosphatidic acid and choline [82]. Phosphatidic
acid undergoes degradation generating lysophosphatidic acid, a bioactive lipid important
in a multitude of cellular processes such as inflammation, vascular dysfunction and migra-
tion [81]. In patients with SCD, the final modifications of RBCs mediated by the products
of lipid peroxidation consist of alterations of the interactions of membrane lipids with
plasmamembrane and cytoskeletal proteins causing the loss of cell membrane integrity
and the red blood cell hemolysis (Figure 1).
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4. RBC Hemolysis

There are two clinical types of hemolysis in SCD: (i) extravascular hemolysis, which oc-
curs when aged or defective RBCs are removed from macrophages by phagocytosis (gener-
ally, this does not involve the release of hemoglobin into the plasma compartment) [23]
and (ii) intravascular hemolysis, which occurs when hemoglobin is de-compartmentalized
and released into plasma, where it scavenges *NO [83,84]. In extravascular hemolysis,
RBCs are phagocytized by macrophages with (i) increased PS exposure on the outer leaflet
of the membrane (a senescence signal); (ii) increased surface-bound immunoglobulin;
and (iii) membrane “pits” and “pocks” caused by precipitated denatured hemoglobin [83].
Following intravascular hemolysis, RBCs release into the plasma danger-associated molec-
ular pattern molecules (DAMPs) that impair endothelial function and drive oxidative and
inflammatory stress, leading to chronic vasculopathy and pulmonary hypertension [84].
eDAMPs are represented by circulating hemoglobin and heme. Free hemoglobin scavenges
*NO, reducing its bioavailability, favoring ROS production and causing oxidative *NO
consumption [85]. Heme especially activates innate immune sterile inflammation pathways
through the toll-like receptor system 4 (TLR4) and NALP inflammasome signaling [86]
(Figure 1). The binding of free heme to receptors present in cell membranes can deeply
affects the intracellular signaling through the modulation of oxidant-sensitive cellular path-
ways including growth factor receptors, kinases, and transcription factors, which in turn
drive the cell fate toward to apoptosis and cell death [82]. In ECs, the binding of heme to
Toll-like receptor-4 (TLR4) leads to NF-«B signaling pathway activation [87] playing a role
in the initiation of inflammation by (i) up-regulating pro-inflammatory genes; (ii) increasing
the release of highly pro-inflammatory cytokines, such as interleukin-13 (IL-13), IL-18,
and IL-6; (iii) modifying the intracellular metabolism; and (iv) favoring the expression of
adhesion molecules, such as VCAM-1, ICAM-1, E-selectin and P-selectin, that are all mark-
ers of endothelial dysfunction and function as receptors for leukocyte adhesive [36,88-90]
(Figure 1). Free heme and iron also promote inflammatory injury via activation of innate
immune responses in macrophages and monocytes [91]. As reported for heme, also the
heme-derived oxoferryl contributes to the pathogenesis of hemolytic disorders by act-
ing as a potent pro-inflammatory agent. Moreover, it has been reported that oxoferryl
induces the rearrangement of cytoskeletal proteins, such as actin, to form intercellular
gaps, to disrupt the integrity of ECs, to induce the activation of NF-kB and the expression
of adhesion molecules (E-selectin, ICAM-1, and VCAM-1) in ECs [92]. All these events
contribute to boost inflammatory conditions, vaso occlusion and subsequent decrease of
tissue oxygenation [93] (Figure 1).

5. Cell Adhesion and Vessel Occlusion

Oxidative stress is undoubtedly the main cause of chronic vasculopathy characterizing
SCD. Vascular lumen obstruction in SCD results from interaction of pro-oxidant RBCs,
activated leukocytes and platelets and the vessel wall. The decreased *NO availability,
the oxidant-mediated activation of the coagulation system including platelets and plasmatic
coagulation factors, and the oxidant-driven release of MPs cooperate to the outcome of
vessel occlusion. The microvasculature is a major target in SCD, and the activation of
endothelial cells is a critical component of the microvascular responses accompanying this
disease [59]. Pro-oxidant sickle RBCs are more adhesives and can bind to endothelial cells,
sub-endothelial matrix proteins, plasma proteins, leukocytes, platelets, and other RBCs,
than normal RBCs. Adhesion molecules such as «41 integrin (also known as VLA-4) and
CD36 are overexpressed and mediate the adhesion to the endothelium. «431 RBC binds to
endothelial VCAM-1 and fibronectin, a component of the sub-endothelial cellular matrix
that comprises the endothelial basement membrane. CD36 mediates adhesion through a
thrombospondin (TSP) bridge to «V[33, an integrin expressed by activated microvascular
and large vessel endothelium. SCD patients have elevated plasma levels of soluble TSP,
and it has also been shown that it mediates sickle RBC adhesion to the blood vessel wall
by CD47, an integrin-associated protein expressed on both normal and HbS RBCs [39].
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Moreover, it has been reported that RBCs bind «V 33 by PS and laminin by Lutheran/basal
cell adhesion molecule (Lu/BCAM) proteins [94].

Leukocytes (lymphocytes, neutrophils, and monocytes) play a critical role in SCD by
adhering to and stimulating the vascular endothelium and aggregating with pro-oxidant
RBCs and activate platelets (Figure 1). The leukocytes most frequently involved in the pro-
cess of adherence to vessel walls are the neutrophils. The adhesion molecules that mediate
adherence of leukocytes to vascular endothelium include «2L32 integrin (CD11a/CD18
heterodimer), «Mf2 integrin (CD11b/CD18 heterodimer), CD31 or platelet-endothelial
cell adhesion molecule-1, the CD36, leukocyte selectin (L-selectin or CD62L), and platelet
selectin glycoprotein ligand-1 (PSGL-1 or CD162), which is also expressed on vessel en-
dothelial cells. Their ligands on vascular endothelium are ICAMs-1,2,3 [95]. In addition
to adhering to vascular endothelium, leukocytes bind platelets and RBCs to form cell
aggregates that could obstruct the lumen of small blood vessels more effectively than single
cells (Figure 1).

6. Advanced Glycoxidation and Lipoxidation End-Products

Advanced glycoxidation end-products (AGEs) and advanced lipoxidation end-products
(ALEs) have been reported to play an important role in the development and progression of
diseases such as, diabetes [96], chronic renal diseases [97], cardiovascular diseases [98] and
neurological disorders [99], that have as hallmark oxidative stress. AGEs and ALEs, present
mainly in heated food, are generated either endogenously or exogenously through different
mechanisms by heterogeneous precursors. Although they are not only well established
markers of oxidative stress, AGEs and ALEs show themselves pro-oxidant activity and
ability to affect intracellular signaling [100,101].

AGEs are a class of macromolecules generated through oxidative and non-oxidative
reactions (e.g., the Maillard reaction) between reducing sugars and their oxidation prod-
ucts (ketoaldehydes, deoxyosones and ketoamines) with nucleophilic amino groups of
aminoacyl residues in proteins [99]. AGEs include Ne-(carboxymethyl)lysine (CML) and
Ne-(carboxyethyl)lysine (CEL), which are the adducts of the small reactive aldehydes
glyoxal and methylglyoxal, respectively, with lysyl resides of proteins. Because CML
and CEL may derive from free-radical attack to derivatives of both carbohydrate and
lipid metabolism, as already mentioned in paragraph 2.3, they are referred to as mixed
AGEs/ALEs [100].

Examples of endogenously produced AGEs are glyoxal, methylglyoxal and its deriva-
tives (generated by the degradation of the triose phosphate intermediates originating
from the glycolytic processes through non-enzymatic or lipid-mediated enzymatic reac-
tions involving cytochrome P450 2E1, myeloperoxidase and amino oxidase), as well as
3-deoxyglucosone and its derivatives [101]. Some compounds included in AGEs group,
such as the carboxymethyl-lysine, have the same structure of ALEs since they are generated
from the common precursors, in this case being glyoxal or acrolein formed by both lipid
and sugar oxidative degradation pathways [102].

The mechanisms at the basis of AGEs damaging include: (i) alteration of protein
function via modification of cysteinyl, lysyl and arginyl residues and via intra- and in-
termolecular cross-linking involving arginyl and lysyl residues; (ii) interference with
matrix-matrix and/or matrix-cell interactions like collagen and laminin, causing thickening
of membranes and luminal narrowing of blood vessels; (iii) receptor-mediated pathologic
gene expression; and (iv) boosting of oxidative stress. [103-105]. Through interaction with
their receptors (RAGE), transmembrane proteins that are part of the immunoglobulin
superfamily expressed on different cell types including endothelial cells, AGEs stimulate
the intracellular signaling pathways boosting the formation of pro-inflammatory cytokines,
adhesion molecules (through activation of NF-kB) and the production of ROS, such as
O,°~ through the activation of NADPH oxidase activity [106]. AGEs, produced on RBC
membranes, bind to specific AGE receptors on ECs and can: (i) alter gene expression in
these cells [107]; (ii) modify the production of thrombomodulin (tissue factor and adhesion
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molecule of vascular cells-1) and (iii) favoring pro-coagulant changes that increase RBC
adhesion to the vessel wall [105].

ALEs include several compounds generated in the course of oxidative stress via
free radical-initiated chain reactions of lipid peroxidation. These include a number of
highly reactive aldehydes, such as acrolein, malondialdehyde (MDA), 4-hydroxy-2-nonenal
(HNE), 4-hydroxy-2-hexenal (HHE), nonenal, 4-oxo-2-nonenal (ONE), all derived from the
peroxidation of PUFAs, either free or as components of membrane phospholipids, as well
as certain isoprostanes deriving from the endocyclization of hydroxyperoxyl radicals and
some derivatives of leukotriene and prostaglandin metabolism. These are all able to modify
covalently proteins, DNA and aminophospholipids by nucleophilic attack, thus damaging
seriously cell functions and viability [100-103,107,108].

Nuclear and mitochondrial DNA are key targets of ALEs reactions. Guanine, adeno-
sine and cytosine are the most modified bases, with guanosine being most reactive due
to its high nucleophilicity [100,109]. Interestingly, reactive carbonyl species can also acti-
vate an intracellular antioxidant response, which prevents their accumulation and toxicity.
This involves the activation of the factor that favors the transcription of genes linked to
antioxidants, such as enzymes linked to the synthesis of glutathione, hemeoxygenase,
Prx, SOD, thioredoxin reductase and thioredoxins [100]. The formation of adducts of the
products of lipid peroxidation (LPO) products and of protein—protein cross-links mostly
affects histidyl, lysyl and cysteinyl residues of proteins, leading to conformational changes,
denaturation, oligomerization and inactivation, including the loss of enzymatic activity.
Among the different targets of lipoxidation there are cytoskeletal proteins (actin, laminae),
histones (H2A), glycolytic enzymes (glyceraldehyde-3 phosphate dehydrogenase, pyruvate
kinase), molecules involved in cell signaling and transcription (H-RAS, KEAP-1, HSP70 and
HSP90) [108]. Protein/enzyme lipoxidation affects their structure and function leading to
the modification of cell homeostasis, gene expression, cell signaling and fate [108].

AGEs and ALEs in SCD

High levels of AGEs have been measured in both blood plasma and RBCs of SCD
patients. [110,111]. High levels of Ne-(carboxymethyl)lysine (CML), Ne-(carboxyethyl)lysine
(CEL) and pentosidine were detected in plasma and in RBCs from patients with SCD [108,109],
as shown in Table 1 [110,111]. In addition, also the rate of AGEs accumulation in RBCs
was higher in SCD patients, suggesting intracellular/extracellular SCD-related condi-
tions favoring AGE synthesis [110]. Interestingly, the correlation between the plasmatic
concentration of two AGEs (pentosidine and Ne-(carboxymethyl)lysine) and hemolysis,
hemolysis-related complications and the hemolytic rate during the clinically asymptomatic
state suggested that these compounds might be involved in the hemolytic pathophysiology
of SCD [111].

Compared with healthy controls, blood plasma from SCD patients also contains high
concentration of the soluble form of RAGE, which has been proposed as a biomarker of
vasculopathy in SCD [112]. The mechanisms hypothesized contributing to the release
of this soluble form of RAGE are (i) a AGEs-mediated and increased activity of matrix
metalloproteinase-9 [113,114], which proteolytical cleaves the cell surface full-length RAGE
able in turn to promote further RAGE release in a reactive oxidizing species-dependent
manner [115] and (ii) an oxidative stress-mediated modification of splicing mechanisms
in ECs, which directly could affect the RAGE levels [116]. The soluble form of RAGE
might be of particular importance to identify at-risk patients and direct them a treatment
with anti-RAGE antibodies that inhibit the activation of signaling downstream to these
AGE receptors.

Although lipid peroxidation is elevated in tissues and represent an important source/
biomarker of oxidative stress [117-119], the specific presence of ALEs in fluids and tissues
of SCD patients has been currently not investigated in depth, with the exception of the
measurement of Ne-(carboxymethyl)lysine (CML) and Ne-(carboxyethyl)lysine (CEL) [110]
(Table 1). Other biomarkers of oxidative stress, which were investigated in SCD are
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malondialdehyde (MDA), which derives from the decomposition of certain products of
the peroxidation of PUFAs (albeit not only from them) and F2-isoprostanes, which are the
products of endocyclization of hydroxyperoxyl radicals generated in the course of radical-
initiated lipid peroxidative chain reactions (Table 1). F2-isoprostanes levels have been
hypothesized to correlate with the patient’s clinical status, since their concentration was
increased in plasma of SCD subjects during the acute chest syndrome as compared with
normal volunteers and significantly declined in post-exchange transfusion to a level similar
to that of patients with SCD at baseline [119]. Other studies report that F2-isoprostanes
levels were not modified in SCD patients with respect to healthy subjects during the period
of relative health [120] and that they were increased in steady-state HbS patients [121].

The MDA level was significantly higher in SCD patients compared to the control
group [122-125]. Interestingly, MDA formation was significantly increased in LDL and
HDL purified from patients with SCD and correlated with increased Hb and total plasma
heme levels [123]. It well established that LDL oxidation plays a key role as in atheroge-
nesis [126] and is triggered by reactive oxidizing species or by the uptake of heme [27].
The highly hydrophobic LDL competes indeed with plasma heme-binding proteins, such as
hemopexin (Hpx) and albumin, for the free heme, so that about 80% of heme added to
plasma is immediately taken up by lipoproteins [27]. The LDL oxidative reactions lead
to the formation of lipid hydroperoxides and other oxidants able to further amplify the
oxidative degradation of the heme and the release of heme iron. It is hopeful that further
studies will clarify the mechanisms of formation and the role AGEs and ALEs in the etiol-
ogy and progression of SCD and that these studies could suggest therapeutic potential of
interventions targeting upstream the formation of both compounds aimed to turn off an
important source of damage in SCD.

Table 1. Oxidative modifications of red blood cell (RBC) and plasma proteins detected in patients with SCD.

Compound

Specificity in SCD Tissue References

Advanced lipoxidation end-products (ALEs) (adducts with oxylipin carbonyl compounds)

F2-isoprostanes adducts

Biomarker of lipid peroxidation Plasma [119-121]

Malondialdehyde (MDA) adducts Biomarker of lipid peroxidation Plasma [122,124,125]

Mixed advanced lipoxidation end-products (ALEs)/advanced glycoxidation end-products (AGEs)
Ne-carboxymethyllysine (CML) Biomarker of hemolysis-related organ Red blood cells, plasma [110,111]

Ne-carboxyethyllysine (CEL)

complications and vascular pathology
Biomarker of hemolysis-related organ Red blood cells, plasma [110,111]
complications and vascular pathology

Adducts generated by the Maillard reaction

Pentosidine *

Biomarker of hemolysis-related organ Red blood cells, plasma [111]
complications and vascular pathology

* Pentosidine is produced by the reaction of nucleophilic amino groups of aminoacyl residues in proteins with the carbonyl group of ribose
in the Maillard reaction. It is able to determine the formation of cross-links between arginine and lysine residues and is commonly exploited
as a biomarker of AGEs formation.

7. Antioxidant Defenses in SCD

It is hypothesized that in SCD tissues the antioxidant system is depleted due to the
pro-oxidant status (Figure 1). This is also true for SCD RBCs in which there is a decreased
concentration of both low molecular weight antioxidants such as vitamins A, C and E [29]
and the activity /expression of some high molecular-weight antioxidant enzymes, such as
SOD [19,45,127], Cat [19,45,128], GR [127] and Gpx [125,128]. However, in the case of
SCD, several studies also reported an increased activity /expression of these antioxidant
enzymes (Figure 1) [10,28,127,129,130]. This could be a defense mechanism linked to the
accumulation of O,*~ and H,O» in red blood cells and SCD tissues. In addition to SOD
and Cat, RBCs contain a strategic H,O,-detoxifying system, which play a key role in main-
taining the suitable thiol /disulfide intracellular equilibrium (sulfenic acids, S-nitrosothiols,
S-glutathionylation, etc.) linked to redox signaling [131,132]. This antioxidant system
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includes the couple GSH and its oxidized form (GSSG), GR, GPx, glutharedoxin (Grx),
the couple thioredoxin (Trx)/thioredoxin (TrxR), peroxiredoxin (Prx), and the redox couple
NADP+/NADPH [131,132].

GSH is the principal non-protein low molecular-weight compound highly concen-
trated in human tissues (up to 10 mM) and is the major cellular redox buffer. GSH directly
reacts with several oxidizing species, including *OH, ferrylHb, HCIO, and ONOO™, and is
the substrate of GPx, which catalyzes the conversion of H,O, to water. In these reactions
GSH is oxidized to GSSG, and the ratio GSH/GSSG is commonly used as an indica-
tor of the cellular redox environment. In addition to the enzymatic de novo synthesis,
GSH intracellular content can be regulated by (i) reduction of GSSG, mediated by the
NADPH-dependent GR activity; (ii) PPP oxidative branch or (iii) protein glutathionyla-
tion and de-glutathionylation reactions, which promote the formation of mixed disulfides
formed by GSH with redox-sensitive Cys residues of proteins or the release of GSH from
pre-formed mixed disulfides, respectively [131,132].

Prx, Trx/TrxR system and Grx also contribute to cellular protection by reducing
oxidized critical thiols in key enzymes/proteins and maintaining the suitable intracellular
redox state. In addition, the isoform 2 of Prx (Prx2), the third most abundant protein
in RBCs, competes effectively with Cat and GPx to scavenge low levels of H,O, [133].
GPx and Prx are regenerated by the GSH/GR and Trx/TrxR systems. The correct activity of
these antioxidant systems bases on the redox couple NADP+/NADPH, which is crucial for
the intracellular redox homeostasis providing reducing equivalents for the above-described
detoxifying enzyme systems, i.e., GR/GPx/GSH and TrxR/Trx/Prx [131,132].

Contradictory results have been reported with regards the NADPH measurement
in RBCs of SCD patients. Indeed, NADPH concentration was found to be both not
different [120] and decreased [134] or increased [128] with respect to control patients.
These results could reflect different SCD-unrelated clinical states of the patients, such as
inflammatory conditions in which for example the increased NADPH oxidase activity
could contribute to deplete the cellular pool of NADPH [24,28,135], or the establishment of
unappreciated compensatory intracellular mechanisms.

The analysis of glutathione content indicated that both GSH and GSSG concentration
was significantly decreased SCD patients [136-138]. Quantitatively, the GSH concentration
measured in RBCs and in plasma of SCD patients was about 36% [28] and 25% [18] lower,
respectively, compared to healthy controls, despite sufficient availability of its precursors
(glutamate, cysteine and glycine) in both plasma and within the RBCs [136]. The lower GSH
concentration in SCD patients has been explained with the increase of thiol consumption,
hypothesis confirmed by the measurement of the increase of the rate of GSH synthesis
(higher by about 57% in RCBs of SCD patients with respect to healthy subjects) [136,139].
In further support of this hypothesis, the concentration of GSH precursors (glutamine, cys-
teine and glycine) was increased, and the amount of glutamate (the precursor of glutamine)
was decreased in both plasma and RBCs of SCD patients [136]. Moreover, the concentration
of NADPH (produced when glutamine is metabolized to glutamate) was increased with
respect to healthy subjects [134]. In addition to GSH, also GSSG levels were lower in RBCs
of patients with SCD compared to controls [28]. The hypothesis proposed to explain the
decrease of both GSH and GSSG is the formation of protein—-SG mixed disulfides [28].
Thiol groups of several proteins may indeed undergo to this post-transcriptional modifica-
tion, called glutathionylation, which plays a critical role in redox signal transduction by
binding proteins/enzymes and reducing or increasing their functions [140]. The process
depends on GSH and GSSG concentration and is a radical-mediated process. In SCD RBCs,
HDbS can undergo to glutathionylation, which increases the oxygen affinity, reduces the
heme-heme interactions and inhibits the sickling protein [141].

Prx2 was found to be significantly impaired within SCD RBCs [28,128,130], with about
18% inactivation as result of oxidation to active thiol group to sulfinic acid, whereas the
inactive enzyme was virtually undetectable in control cells [130]. Indeed, increased binding
of Prx2 to the RBCs membrane was detected in dense SCD RBCs [142]. Finally, a significant
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content of the Prx2 dimeric form has been detected in the cytosol so that it has been
proposed as a hallmark of oxidative stress inside SCD RBCs [143]. In fact, under oxidative
stress conditions leading to exceedingly elevated HyO, concentrations, Prx2 could persist
into the oxidized /dimeric form, which lack to scavenge H,O,, dissociate from RBCs
membrane, and the switch to other signaling- or regulatory-linked roles, such as Ca,™*-
activated-K* transport or chaperone activity [144,145]. Finally, the ability of Prx2 to bind to
Hb has been hypothesized to be crucial for stabilizing the hemoprotein, protecting it from
the excessive oxidative stress. RBCs form SCD patients indeed showed a reduced binding
of Prx2 to Hb making the hemoprotein susceptible to ROS-induced aggregation [146].

In addition to antioxidant machinery, the physiologic tissue protective mechanisms
aimed to control the hemoglobin-dependent oxidative reactions involve Hp and Hpx,
two molecules which can scavenge free Hb and heme, respectively, undergoing endocytosis
by macrophages. Hp covalently binds Hb dimeric subunits in blood delivering them to
macrophages, through the CD163 receptors, for safe degradation. Here, the degradation
of heme into carbon monoxide, bilirubin and biliverdin byproducts occurs, completing
the detoxification process and preventing the Hb peroxidative secondary reactions toxic to
tissues [147]. Hpx is highly concentrated in blood plasma, from 8 to 21 mM, and specifically
binds the heme transporting it to the liver [148]. Importantly, the Hpx-heme complex is
inactive as a pro-oxidant compound because, contrarily to the Hp-Hb complex, it is unable
to bind or consume O,°*~, *NO and H,0O, [149]. The heme is then released through a
receptor-mediated mechanism in parenchymal cells, while Hpx recycled to its intact free
form and released again into the blood stream [148].

In SCD, the substantial hemolysis does not allow Hp and Hpx to complete binding
with Hb and heme, respectively, becoming rapidly overwhelmed [136,150]. Both the
Hp and Hpx blood concentrations were decreased in adult [71,120,123,151] as well as
in pediatric SCD patients [152]. The depletion of the Hp and Hpx concentrations have
been reported to favor the thrombo-inflammation in the vasculature through a mechanism
involving the component C5-dependent complement activation [151], which also positively
correlated with the percentage of dense sickle cells [153]. In addition, Hp and Hpx depletion
also correlated with the increase of lipid peroxidation and increased concentration of
oxidized LDL in the pulmonary artery [123]. With this regard, Hb/Hp, and heme/Hpx
complexes have been detected in plasma lipoproteins of SCD patients, with the ApoA-1
particles of HDL being more associated with heme/Hpx [154,155] and the LDL fraction
containing higher concentrations of Hb/Hpx [155]. These HDL/heme/Hpx complexes
could favor a modification of the role of the lipoprotein from being anti-inflammatory
to pro-inflammatory [154]. Taken together, these data demonstrate that the loss of the
physiologic scavengers of Hb or heme strongly contribute to the plasma heme-mediated
lipid oxidation and tissue injury in SCD.

8. Antioxidant Therapy for SCD

The research of suitable compounds able to (i) limit the hemoglobin-dependent oxida-
tive reactions, (ii) scavenge reactive oxidizing species released and (iii) repair the reactive
oxidizing species-mediated tissue oxidative damage is a fundamental step in the clinical
management of SCD.

There are currently two types of treatment for SCD: primary treatments, which treat
the root causes of the disease (gene therapy and HbF inducers antisickling agents) and
secondary treatments, which target one of the downstream sequelae of HbS polymer-
ization. In the secondary type of treatment, beside factors working against adhesion,
inflammation and thrombophilia, the antioxidant therapy plays an important role for SCD
treatment [156]. In fact, as already mentioned, oxidative stress can lead to disturbance of
cell membranes, exposure of adhesion molecules and damage to the contents of the sickle
red blood cells [157]. In Table 2 are reported the most promising antioxidant therapeutic
strategies, which showed a benefit either in the reducing oxidative stress parameters or in
the prevention of pathophysiologic events in SCD patients.
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8.1. L-Glutamine

L- Glutamine is a precursor of nicotinamide adenine dinucleotide (NAD) required
for antioxidant mechanism through the formation of reduced nicotinamide adenine din-
ucleotide (NADH) [156]. Oral administration of L-glutamine in SCD patients has been
approved on July 2017 by Food and Drug Administration (FDA).

The RBC oxidative damage is most likely consequence of instability of HbS, increasing
in free radical generation and impairing antioxidant defenses. This hemoglobin instability
leads to denaturation of HbS, through its oxidation to methemoglobin. Methemoglobin
reductases slow down this process using NADH. In sickle RBC, there is a decreased
NADH/NAD ratio with a consequent decreased NAD redox potential, manifestation
of a compensatory mechanism against increased oxidant sensitivity [134]. Several trials
demonstrated the beneficial effects of oral administration of L-glutamine in SCD in improv-
ing cellular redox potential and facilitating protein and glutathione synthesis [157-159].
Finally, additional studies suggested that oral L-glutamine supplementation improves the
endothelial adhesion of sickle RBC, one of the major factors involved in the pathophysi-
ology of vessel-occlusion. The mechanism underlying this effect is still unclear; however,
the improvement of NAD redox potential may protect RBC from oxidant damage and the
consequent stimulation of inflammation and expression of adhesion molecules [158].

8.2. N-Acetylcysteine (NAC)

NAC is an important antioxidant with pleiotropic effects on inflammation and vasomo-
tor function [156,160]. It is a substrate for the synthesis of GSH, one of the most important
intracellular antioxidants and may play an important role as antioxidant treatment. Indeed,
within the cytoplasm, NAC is converted to L-Cysteine, which is a precursor of GSH re-
sulting in an increase of its concentration. GSH has been found to be 32-36% lower in
RBCs from SCD patients compared to healthy controls, while some antioxidant enzymes
involved in oxidant detoxification, such as SOD and Gpx, have been found significantly
higher in patients with SCD [28].

In sickle cell, there is an increased consumption of GSH due to excessive reactive
oxidizing species formation, resulting in a decreased ration between GSH and its oxi-
dized form GSSG. In an open label randomized pilot study, Nur and colleagues [135]
observed that NAC treatment reduced oxidative stress. In particular, they observed (i) a
reduced cell membrane phosphatidylserine expression, marker of peroxidative damage
to the erythrocyte inner membrane, and (ii) a decrease of AGEs and cell-free hemoglobin.
The association between AGEs and the degree of hemolysis and organ complication in
sickle cell patients and, on the other hand, an inverse correlation with GSH levels has
been recently demonstrated. These results probably suggest that, enhancing GSH levels,
NAC treatment could reduce AGEs levels and oxidative tissue damage [135].

8.3. Zinc Supplementation

Zinc deficiency has been implicated in SCD pathological events. Thus, this element
as a therapeutic agent may be very useful in these patients. Zinc deficiency was associ-
ated with high incidence of infections connected to weakened cell mediated immunity;,
with vaso-occlusion events correlated with high level of endothelial cell VCAM-1 molecule
and with the chronic oxidative stress. In a study of prepubertal children with SCD-SS,
the therapeutic effect of zinc supplementation was evaluated on growth and body composi-
tion. Results demonstrated that young SCD patients can benefit from zinc supplementation
to improve linear growth and weight gain [161]. Furthermore, in a very important double-
blind, placebo-controlled study, zinc supplementation (with 25mg elemental zinc as acetate,
three times a day for 3 months) ameliorated several pathophysiological parameters chroni-
cally existent in these patients: Beneficial effects were observed on immunity, inflammatory
state and oxidative stress [162].
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Table 2. Antioxidants in SCD therapy.

Antioxidants

Mechanisms

Effects in SCD Patients

Comments

L- Glutamine
N-Acetylcysteine

Zinc supplementation

Nitric oxide
L-arginine
Alfa-lipoic acid
L-acetyl-L-carnitine
Gum Arabic
Omega-3 fatty acids
Curcumin

Vitamins A, Cand E

Iron chelators

Acts through the formation of reduced NADH.
Substrate for GSH generation.

Zinc deficiency is associated with high incidence of infections,
vaso-occlusion events and the chronic oxidative stress.

Reduced *NO concentration can be associated to increased levels
of free O,° ™.

Induces GSH synthesis.

Induces GSH synthesis.

Improves mitochondrial metabolism, facilitating entry of
long-chain fatty acids into mitochondria and decreasing lipid
peroxidation in tissue.

Acts as immuno-modulatory.

OB3FA deficiency correlates with an increase in plasma levels of
the inflammatory biomarker

Can modulate the activity of enzymes active in the neutralization
of free radicals and it can inhibit ROS-generating enzymes.
Their deficiency increases susceptibility to infection

and hemolysis.

Avoids excessive iron overload and the consequent

ROS generation.

Improves cellular redox potential and adhesion of sickle RBCs to the
endothelium; facilitates protein and glutathione synthesis.

Reduces the number of RBCs expressing phosphatidylserine, marker
of peroxidative damage to inner membrane of RBCs.

In young SCD patients improves linear growth and weight gain.
Has beneficial effects on immunity, inflammatory state and
oxidative stress.

Inhaled *NO improves tissue oxygenation and reduces pain in SCD
patients with pulmonary hypertension.

Improves *NO bioavailability.

Increases glutathione level.

Decreases lipid peroxidation.

Increases total antioxidant capacity and decreased MDA and

H,0; levels.

Have beneficial effects on vascular activation, inflammation and
antioxidant systems.

Mitigates the effects of iron induced oxidative stress on lipid
peroxidation and *NO levels.

Conflicting results about the effectiveness of their supplementation on
oxidative stress.

Have a central role in the treatment of

transfusion-dependent hemoglobinopathy.

FDA approved; [155,156]
NCT01800526 phase 2 trial;
NCT01849016 phase 3 trial
NS; [159,160]
NCT00094887 phase 2 trial
NCT02447874 phase 2 trial
NCT01054768 phase 2 trial
NCT01054768 phase 2 trial
NCT04191213 phase 2 trial
[156-170]

[169,170]

NCT03903133 phase 4 trial

NS; [158]

NADH: reduced nicotinamide adenine dinucleotide; RBCs: red blood cells; GSH: glutathione; EC: endothelial cell; *NO: nitric oxide; NCT number: ClinicalTrials.gov identifier; O,*~: superoxide anion radical;
MDA: malondialdehyde; ROS: reactive oxygen species; NS: not specified.


ClinicalTrials.gov

Antioxidants 2021, 10, 296

19 of 27

8.4. Nitric Oxide and L-Arginine

In addition to its role in vascular tone, blood flow and adhesion, *NO is known to
possess antioxidant properties. Moreover, inhalation of exogenous *NO, can be used
to reduce pain in SCD patients with pulmonary hypertension [86] and microvascular
occlusion in different parts of the body, but controversial results are reported by randomized
trials (NCT00094887) [163].

In SCD patients, *NO concentration declines, and its reduced bioavailability can be
associated to increased levels of free O,°~. Therapy with L-arginine has been demonstrated
to improve *NO bioavailability either in transgenic knockout sickle mice or in SCD patients,
although in different clinical trials, conflicting results were obtained [164,165]. The cause of
this result has in part been attributed to a deficiency of R-BH4 action. This is an endogenous
pterin widely distributed in mammalian tissues that works as a cofactor of aromatic amino
acid hydroxylases and nitric oxide synthases. In SCD patients, its deficit is implicated in
the mechanism of several diseases such as atherosclerosis, hypertension, diabetic vascular
disease and vascular complications [166].

8.5. a-Lipoic Acid and Acetyl-L-Carnitine

Other compounds with antioxidant properties are o-lipoic acid (LA) and acetyl-
L-carnitine (ALCAR). LA increases glutathione level, whereas ALCAR decreases lipid
peroxidation [156].

One of the mechanisms of antioxidant protection by LA is the induction of GSH
synthesis, with a dose-related mechanism, through inducing Nrf2-dependent transcrip-
tion of y-glutamyl cysteine ligase (GCL), the rate-controlling enzyme in the synthesis of
GSH [167,168]. On the contrary, the reason of the beneficial effect of ALCAR is not so clear;
however, this might occur from improved mitochondrial metabolism, facilitating entry
of long-chain fatty acids into mitochondria and decreasing lipid peroxidation in tissue.
Studies suggest that this nutrient may be able to maintain the normal shape of RBCs and
decrease peroxidative damage [160,168].

Finally, the evaluation of oxidative stress in human fibroblast exposed to iron excess
shows an increased antioxidant effect of combination treatment with LA and ALCAR,
suggesting a synergic influence of two compounds [168].

8.6. Other Antioxidant Agents

Gum Arabic (GA), omega-3 fatty acids and curcumin are reported to diminish oxida-
tive stress in SCD, but their role has not been widely accepted [156].

Oral intake of GA has been shown to provide several health benefits, such as probiotic,
immuno-modulatory, antioxidant and cytoprotective effects. Available experimental data
show its protection against hepatic, renal and cardiac toxicities in rats and, due to its
antioxidant properties, this compound may find clinical application sickle cell anemia.
In a phase II trial, Kaddam and colleagues treated 47 SCD patients with 30 g/day GA for
12 weeks and demonstrated that GA significantly increased total anti-oxidant capacity and
decreased MDA and H,O;-related oxidative markers [169].

Limited studies dealing with (-3 dietary supplementation are available. Kalish demon-
strated the impact of w-3 fatty acids on vascular activation, inflammation, and antioxidant
systems. Authors assessed a modified red cell membrane composition (lower w -6/ w -3 ra-
tio), a reduction of neutrophil count and beneficial effects on the cardiovascular system [170].
Curcumin could mitigate the effects of iron induced oxidative stress on lipid peroxidation
and *NO levels, as showed in rats exposed to iron overloaded toxicity [171,172].

Despite the observed increased susceptibility to infection and hemolysis in SCD
patients with deficiency of vitamins A, C and E, conflicting results are available about the
effectiveness of their supplementation on oxidative stress in these patients.

Finally, the role of iron chelators (deferiprone, deferoxamine and deferasirox) is central
in the treatment of transfusion-dependent hemoglobinopathy, avoiding excessive labile
iron overload and the consequent ROS generation [160]. Both in in vitro and in animal
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models, it has been shown that these compounds (i) decrease the RBC membrane-oxidative
damage and the production of lipid oxidation product (deferiprone) and (ii) attenuate
blood cell adhesion to endothelial cerebral venules (deferoxamine) [160]. Finally, in a
longitudinal study, SCD patients receiving simultaneously deferasirox and hydroxyurea
showed a marked decrease of plasma lipid peroxidation products as well as increased
antioxidant capacity levels [173].

These promising results should encourage the development of the future research
focused on the antioxidant therapy also in combination with the drug treatments. This ther-
apeutic strategy targeted to the reactive oxidizing species-releasing pathway and limiting
the intra- and extra-cellular oxidative damage, could reduce the clinical complications of
the disease with particular regard to SCD-associated vasculopathy.

9. Conclusions

This review summarizes our present understanding on the mechanisms of oxidative
stress in sickle cell disease and discusses the involvement of reactive oxidizing species in
the pathophysiology of SCD and their potential implication for SCD management.

The recent discoveries in developing novel drugs have led to improved survival and de-
creased morbidity in patients with SCD, but an improved understanding of oxidative stress
will lead to targeted therapies that should improve outcomes for this patient population.

Author Contributions: R.V. contributed to conceive the idea, drafted the manuscript and concurred
to the final version of the review; N.M.S., L.G. and L.M. contributed to draft the manuscript; D.P.
conceived the idea, drafted and revised the manuscript, drew figure and concurred to the final
version of the review; E.S. conceived the idea, drafted and revised the manuscript, coordinated the
activity and concurred to the final version of the review. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Chaturvedi, S.; DeBaun, M.R. Evolution of sickle cell disease from a life-threatening disease of children to a chronic disease of
adults: The last 40 years. Am. ]. Hematol. 2016, 91, 5-14. [CrossRef]

2. Thein, M.S,; Igbineweka, N.E.; Thein, S.L. Sickle cell disease in the older adult. Pathology 2017, 49, 1-9. [CrossRef]

3.  Aygun, B.; Odame, I. A global perspective on sickle cell disease. Pediatr. Blood Cancer 2012, 59, 386-390. [CrossRef]

4. Kato, GJ.; Piel, EB.; Reid, C.D.; Gaston, M.H.; Ohene-Frempong, K.; Krishnamurti, L.; Smith, W.R.; Panepinto, J.A,;
Weatherall, D.].; Costa, EE,; et al. Sickle cell disease. Nat. Rev. Dis. Primers 2018, 4, 18010. [CrossRef]

5. Piel, EB,; Steinberg, M.H.; Rees, D.C. Sickle Cell Disease. N. Engl. ]. Med. 2017, 377, 305. [CrossRef] [PubMed]

6. Rees, D.C.; Williams, T.N.; Gladwin, M.T. Sickle-cell disease. Lancet 2010, 376, 2018-2031. [CrossRef]

7. Ashley-Koch, A.; Yang, Q.; Olney, R.S. Sickle hemoglobin (HbS) allele and sickle cell disease: A HuGE review. Am. ]. Epidemiol.
2000, 151, 839-845. [CrossRef] [PubMed]

8. Stuart, M.].; Nagel, R.L. Sickle-cell disease. Lancet 2004, 364, 1343-1360. [CrossRef]

9. Tarasev, M.; Muchnik, M.; Light, L.; Alfano, K.; Chakraborty, S. Individual variability in response to a single sickling event for
normal, sickle cell, and sickle trait erythrocytes. Transl. Res. 2017, 181, 96-107. [CrossRef]

10.  Chirico, E.N.; Pialoux, V. Role of oxidative stress in the pathogenesis of sickle cell disease. IUBMB Life 2012, 64, 72-80. [CrossRef]

11. Dosunmu-Ogunbi, A.M.; Wood, K.C.; Novelli, EM.; Straub, A.C. Decoding the role of SOD2 in sickle cell disease. Blood Adv.
2019, 3, 2679-2687. [CrossRef]

12.  Steinberg, M.H.; Sebastiani, P. Genetic modifiers of sickle cell disease. Am. ]. Hematol. 2012, 87, 795-803. [CrossRef] [PubMed]

13. Ware, R.E.; de Montalembert, M.; Tshilolo, L.; Abboud, M.R. Sickle cell disease. Lancet 2017, 390, 311-323. [CrossRef]

14. Schieber, M.; Chandel, N.S. ROS function in redox signaling and oxidative stress. Curr. Biol. 2014, 24, R453-R462. [CrossRef]

15. Sies, H. Oxidative stress: A concept in redox biology and medicine. Redox Biol. 2015, 4, 180-183. [CrossRef] [PubMed]

16. Radi, R. Oxygen radicals, nitric oxide, and peroxynitrite: Redox pathways in molecular medicine. Proc. Natl. Acad. Sci. USA 2018,
115, 5839-5848. [CrossRef] [PubMed]

17.  Ray, D.; Deshmukh, P.; Goswami, K.; Garg, N. Antioxidant vitamin levels in sickle cell disorders. Natl. Med. |. India 2007,
20, 11-13.

18. Biswal, S.; Rizwan, H.; Pal, S.; Sabnam, S.; Parida, P.; Pal, A. Oxidative stress, antioxidant capacity, biomolecule damage,

and inflammation symptoms of sickle cell disease in children. Hematology 2019, 24, 1-9. [CrossRef]


http://doi.org/10.1002/ajh.24235
http://doi.org/10.1016/j.pathol.2016.10.002
http://doi.org/10.1002/pbc.24175
http://doi.org/10.1038/nrdp.2018.10
http://doi.org/10.1056/NEJMra1510865
http://www.ncbi.nlm.nih.gov/pubmed/28723338
http://doi.org/10.1016/S0140-6736(10)61029-X
http://doi.org/10.1093/oxfordjournals.aje.a010288
http://www.ncbi.nlm.nih.gov/pubmed/10791557
http://doi.org/10.1016/S0140-6736(04)17192-4
http://doi.org/10.1016/j.trsl.2016.09.005
http://doi.org/10.1002/iub.584
http://doi.org/10.1182/bloodadvances.2019000527
http://doi.org/10.1002/ajh.23232
http://www.ncbi.nlm.nih.gov/pubmed/22641398
http://doi.org/10.1016/S0140-6736(17)30193-9
http://doi.org/10.1016/j.cub.2014.03.034
http://doi.org/10.1016/j.redox.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25588755
http://doi.org/10.1073/pnas.1804932115
http://www.ncbi.nlm.nih.gov/pubmed/29802228
http://doi.org/10.1080/10245332.2018.1498441

Antioxidants 2021, 10, 296 21 of 27

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Al-Naama, L.M.; Hassan, M.K.; Mehdi, ].K. Association of erythrocytes antioxidant enzymes and their cofactors with markers of
oxidative stress in patients with sickle cell anemia. Qatar Med. |. 2015, 2015, 14. [CrossRef]

Cardenes, N.; Corey, C.; Geary, L.; Jain, S.; Zharikov, S.; Barge, S.; Novelli, E.M.; Shiva, S. Platelet bioenergetic screen in sickle
cell patients reveals mitochondrial complex V inhibition, which contributes to platelet activation. Blood 2014, 123, 2864-2872.
[CrossRef]

Wood, K.C.; Hebbel, R.P,; Granger, D.N. Endothelial cell NADPH oxidase mediates the cerebral microvascular dysfunction in
sickle cell transgenic mice. FASEB J. 2005, 19, 989-991. [CrossRef]

Wood, K.C.; Hebbel, R.P,; Lefer, D.J.; Granger, D.N. Critical role of endothelial cell-derived nitric oxide synthase in sickle cell
disease-induced microvascular dysfunction. Free Radic. Biol. Med. 2006, 40, 1443-1453. [CrossRef]

Wood, K.C.; Granger, D.N. Sickle cell disease: Role of reactive oxygen and nitrogen metabolites. Clin. Exp. Pharmacol. Physiol.
2007, 34, 926-932. [CrossRef] [PubMed]

George, A.; Pushkaran, S.; Konstantinidis, D.G.; Koochaki, S.; Malik, P.; Mohandas, N.; Zheng, Y.; Joiner, C.H.; Kalfa, T.A.
Erythrocyte NADPH oxidase activity modulated by Rac GTPases, PKC, and plasma cytokines contributes to oxidative stress in
sickle cell disease. Blood 2013, 121, 2099-2107. [CrossRef]

Aslan, M.; Ryan, TM.; Adler, B.; Townes, T.M.; Parks, D.A.; Thompson, J.A.; Tousson, A.; Gladwin, M.T.; Patel, R.P;
Tarpey, M.M.; et al. Oxygen radical inhibition of nitric oxide-dependent vascular function in sickle cell disease. Proc. Natl.
Acad. Sci. USA 2001, 98, 15215-15220. [CrossRef] [PubMed]

Schaer, D.J.; Buehler, PW.; Alayash, A.L; Belcher, J.D.; Vercellotti, G.M. Hemolysis and free hemoglobin revisited: Exploring
hemoglobin and hemin scavengers as a novel class of therapeutic proteins. Blood 2013, 121, 1276-1284. [CrossRef] [PubMed]
Rifkind, J.M.; Mohanty, J.G.; Nagababu, E. The pathophysiology of extracellular hemoglobin associated with enhanced oxidative
reactions. Front. Physiol. 2014, 5, 500. [CrossRef]

Gizi, A.; Papassotiriou, I.; Apostolakou, F.; Lazaropoulou, C.; Papastamataki, M.; Kanavaki, I.; Kalotychou, V.; Goussetis, E.;
Kattamis, A.; Rombos, L; et al. Assessment of oxidative stress in patients with sickle cell disease: The glutathione system and the
oxidant-antioxidant status. Blood Cells Mol. Dis. 2011, 46, 220-225. [CrossRef]

Kassa, T.; Jana, S.; Strader, M.B.; Meng, F.; Jia, Y.; Wilson, M.T.; Alayash, A.IL Sickle Cell Hemoglobin in the Ferryl State Promotes
betaCys-93 Oxidation and Mitochondrial Dysfunction in Epithelial Lung Cells (E10). J. Biol. Chem. 2015, 290, 27939-27958.
[CrossRef]

Reiter, C.D.; Wang, X.; Tanus-Santos, J.E.; Hogg, N.; Cannon, R.O., 3rd; Schechter, A.N.; Gladwin, M.T. Cell-free hemoglobin
limits nitric oxide bioavailability in sickle-cell disease. Nat. Med. 2002, 8, 1383-1389. [CrossRef]

Azarov, I; He, X,; Jeffers, A.; Basu, S.; Ucer, B.; Hantgan, R.R.; Levy, A.; Kim-Shapiro, D.B. Rate of nitric oxide scavenging by
hemoglobin bound to haptoglobin. Nitric Oxide 2008, 18, 296-302. [CrossRef] [PubMed]

Nielsen, M.].; Moller, H.].; Moestrup, S.K. Hemoglobin and heme scavenger receptors. Antioxid. Redox Signal. 2010, 12, 261-273.
[CrossRef] [PubMed]

Koskenkorva-Frank, T.S.; Weiss, G.; Koppenol, W.H.; Burckhardt, S. The complex interplay of iron metabolism, reactive oxygen
species, and reactive nitrogen species: Insights into the potential of various iron therapies to induce oxidative and nitrosative
stress. Free Radic. Biol. Med. 2013, 65, 1174-1194. [CrossRef] [PubMed]

Balla, J.; Jacob, H.S.; Balla, G.; Nath, K.; Eaton, ].W.; Vercellotti, G.M. Endothelial-cell heme uptake from heme proteins: Induction
of sensitization and desensitization to oxidant damage. Proc. Natl. Acad. Sci. USA 1993, 90, 9285-9289. [CrossRef] [PubMed]
Kumar, S.; Bandyopadhyay, U. Free heme toxicity and its detoxification systems in human. Toxicol. Lett. 2005, 157, 175-188.
[CrossRef]

Belcher, J.D.; Beckman, ].D.; Balla, G.; Balla, J.; Vercellotti, G. Heme degradation and vascular injury. Antioxid. Redox Signal. 2010,
12, 233-248. [CrossRef]

Berlett, B.S.; Stadtman, E.R. Protein oxidation in aging, disease, and oxidative stress. J. Biol. Chem. 1997, 272, 20313-20316.
[CrossRef]

Mano, J. Reactive carbonyl species: Their production from lipid peroxides, action in environmental stress, and the detoxification
mechanism. Plant. Physiol. Biochem. 2012, 59, 90-97. [CrossRef]

Aslan, M.; Freeman, B.A. Oxidant-mediated impairment of nitric oxide signaling in sickle cell disease—Mechanisms and
consequences. Cell Mol. Biol. 2004, 50, 95-105.

Jeffers, A.; Gladwin, M.T.; Kim-Shapiro, D.B. Computation of plasma hemoglobin nitric oxide scavenging in hemolytic anemias.
Free Radic. Biol. Med. 2006, 41, 1557-1565. [CrossRef]

Kato, G.J.; Steinberg, M.H.; Gladwin, M.T. Intravascular hemolysis and the pathophysiology of sickle cell disease. J. Clin. Investig.
2017, 127, 750-760. [CrossRef]

Shiva, S.; Wang, X.; Ringwood, L.A.; Xu, X,; Yuditskaya, S.; Annavajjhala, V.; Miyajima, H.; Hogg, N.; Harris, Z.L.; Gladwin, M.T.
Ceruloplasmin is a NO oxidase and nitrite synthase that determines endocrine NO homeostasis. Nat. Chem. Biol. 2006, 2, 486—493.
[CrossRef]

Grubina, R.; Basu, S.; Tiso, M.; Kim-Shapiro, D.B.; Gladwin, M.T. Nitrite reductase activity of hemoglobin S (sickle) provides
insight into contributions of heme redox potential versus ligand affinity. . Biol. Chem. 2008, 283, 3628-3638. [CrossRef]

Rees, D.C.; Gibson, J.S. Biomarkers in sickle cell disease. Br. J. Haematol. 2012, 156, 433—445. [CrossRef]


http://doi.org/10.5339/qmj.2015.14
http://doi.org/10.1182/blood-2013-09-529420
http://doi.org/10.1096/fj.04-3218fje
http://doi.org/10.1016/j.freeradbiomed.2005.12.015
http://doi.org/10.1111/j.1440-1681.2007.04639.x
http://www.ncbi.nlm.nih.gov/pubmed/17645642
http://doi.org/10.1182/blood-2012-07-441188
http://doi.org/10.1073/pnas.221292098
http://www.ncbi.nlm.nih.gov/pubmed/11752464
http://doi.org/10.1182/blood-2012-11-451229
http://www.ncbi.nlm.nih.gov/pubmed/23264591
http://doi.org/10.3389/fphys.2014.00500
http://doi.org/10.1016/j.bcmd.2011.01.002
http://doi.org/10.1074/jbc.M115.651257
http://doi.org/10.1038/nm1202-799
http://doi.org/10.1016/j.niox.2008.02.006
http://www.ncbi.nlm.nih.gov/pubmed/18364244
http://doi.org/10.1089/ars.2009.2792
http://www.ncbi.nlm.nih.gov/pubmed/19659436
http://doi.org/10.1016/j.freeradbiomed.2013.09.001
http://www.ncbi.nlm.nih.gov/pubmed/24036104
http://doi.org/10.1073/pnas.90.20.9285
http://www.ncbi.nlm.nih.gov/pubmed/8415693
http://doi.org/10.1016/j.toxlet.2005.03.004
http://doi.org/10.1089/ars.2009.2822
http://doi.org/10.1074/jbc.272.33.20313
http://doi.org/10.1016/j.plaphy.2012.03.010
http://doi.org/10.1016/j.freeradbiomed.2006.08.017
http://doi.org/10.1172/JCI89741
http://doi.org/10.1038/nchembio813
http://doi.org/10.1074/jbc.M705222200
http://doi.org/10.1111/j.1365-2141.2011.08961.x

Antioxidants 2021, 10, 296 22 of 27

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

Antwi-Boasiako, C.; Dankwah, G.B.; Aryee, R.; Hayfron-Benjamin, C.; Aboagye, G.; Campbell, A.D. Correlation of lipid
peroxidation and nitric oxide metabolites, trace elements, and antioxidant enzymes in patients with sickle cell disease. J. Clin.
Lab. Anal. 2020, 34, €23294. [CrossRef] [PubMed]

Reiter, C.D.; Gladwin, M.T. An emerging role for nitric oxide in sickle cell disease vascular homeostasis and therapy.
Curr. Opin. Hematol. 2003, 10, 99-107. [CrossRef] [PubMed]

Azizi, E.; Dror, Y.; Wallis, K. Arginase activity in erythrocytes of healthy and ill children. Clin. Chim Acta 1970, 28, 391-396.
[CrossRef]

Morris, C.R.; Kato, G.J.; Poljakovic, M.; Wang, X.; Blackwelder, W.C.; Sachdev, V.; Hazen, S.L.; Vichinsky, E.P.; Morris, SM., Jr.;
Gladwin, M.T. Dysregulated arginine metabolism, hemolysis-associated pulmonary hypertension, and mortality in sickle cell
disease. JAMA 2005, 294, 81-90. [CrossRef]

Elias, D.B.; Barbosa, M.C.; Rocha, L.B.; Dutra, L.L.; Silva, H.F,; Martins, A.M.; Goncalves, R.P. L-arginine as an adjuvant drug in
the treatment of sickle cell anaemia. Br. ]. Haematol. 2013, 160, 410—412. [CrossRef]

Davies, M.].; Hawkins, C.L. The Role of Myeloperoxidase in Biomolecule Modification, Chronic Inflammation, and Disease.
Antioxid. Redox Signal. 2020, 32, 957-981. [CrossRef]

Baldus, S.; Eiserich, ].P; Brennan, M.L.; Jackson, R.M.; Alexander, C.B.; Freeman, B.A. Spatial mapping of pulmonary and vascular
nitrotyrosine reveals the pivotal role of myeloperoxidase as a catalyst for tyrosine nitration in inflammatory diseases. Free Radic.
Biol. Med. 2002, 33, 1010. [CrossRef]

Alderton, WK.; Cooper, C.E.; Knowles, R.G. Nitric oxide synthases: Structure, function and inhibition. Biochem. ]. 2001,
357,593-615. [CrossRef]

Akinsheye, I; Klings, E.S. Sickle cell anemia and vascular dysfunction: The nitric oxide connection. J. Cell Physiol. 2010,
224, 620-625. [CrossRef]

Sharma, S.; Smith, A.; Kumar, S.; Aggarwal, S.; Rehmani, I.; Snead, C.; Harmon, C.; Fineman, J.; Fulton, D.; Catravas, ].D.; et al.
Mechanisms of nitric oxide synthase uncoupling in endotoxin-induced acute lung injury: Role of asymmetric dimethylarginine.
Vascul. Pharmacol. 2010, 52, 182-190. [CrossRef] [PubMed]

Liu, X.; Xu, X.; Shang, R.; Chen, Y. Asymmetric dimethylarginine (ADMA) as an important risk factor for the increased
cardiovascular diseases and heart failure in chronic kidney disease. Nitric Oxide 2018, 78, 113-120. [CrossRef] [PubMed]
Landburg, P.P; Teerlink, T.; van Beers, E.J.; Muskiet, F.A.; Kappers-Klunne, M.C.; van Esser, ] W.; Mac Gillavry, M.R.; Biemond, B.J.;
Brandjes, D.P.,; Duits, A.J.; et al. Association of asymmetric dimethylarginine with sickle cell disease-related pulmonary
hypertension. Haematologica 2008, 93, 1410-1412. [CrossRef]

Kato, G.J.; Wang, Z.; Machado, R.E; Blackwelder, W.C.; Taylor, ].G.t.; Hazen, S.L. Endogenous nitric oxide synthase inhibitors in
sickle cell disease: Abnormal levels and correlations with pulmonary hypertension, desaturation, haemolysis, organ dysfunction
and death. Br. |. Haematol. 2009, 145, 506-513. [CrossRef] [PubMed]

El-Shanshory, M.; Badraia, I.; Donia, A.; Abd El-Hameed, F.; Mabrouk, M. Asymmetric dimethylarginine levels in children with
sickle cell disease and its correlation to tricuspid regurgitant jet velocity. Eur. |. Haematol. 2013, 91, 55-61. [CrossRef]

Sundd, P.; Gladwin, M.T,; Novelli, E.M. Pathophysiology of Sickle Cell Disease. Annu. Rev. Pathol. 2019, 14, 263-292. [CrossRef]
[PubMed]

Mohanty, ].G.; Nagababu, E.; Rifkind, ].M. Red blood cell oxidative stress impairs oxygen delivery and induces red blood
cell aging. Front. Physiol. 2014, 5, 84. [CrossRef]

Barodka, V.M.; Nagababu, E.; Mohanty, J.G.; Nyhan, D.; Berkowitz, D.E.; Rifkind, ].M.; Strouse, ].J. New insights provided
by a comparison of impaired deformability with erythrocyte oxidative stress for sickle cell disease. Blood Cells Mol. Dis. 2014,
52,230-235. [CrossRef]

Tramutola, A.; Di Domenico, F.; Barone, E.; Arena, A.; Giorgi, A.; di Francesco, L.; Schinina, M.E.; Coccia, R.; Head, E.;
Butterfield, D.A.; et al. Polyubiquitinylation Profile in Down Syndrome Brain Before and After the Development of Alzheimer
Neuropathology. Antioxid. Redox Signal. 2017, 26, 280-298. [CrossRef]

Mohandas, N.; Gallagher, P.G. Red cell membrane: Past, present, and future. Blood 2008, 112, 3939-3948. [CrossRef] [PubMed]
Jana, S.; Strader, M.B.; Meng, E; Hicks, W.; Kassa, T.; Tarandovskiy, I.; De Paoli, S.; Simak, J.; Heaven, M.R.; Belcher, ].D.; et al.
Hemoglobin oxidation-dependent reactions promote interactions with band 3 and oxidative changes in sickle cell-derived
microparticles. JCI Insight 2018, 3. [CrossRef]

Strader, M.B.; Jana, S.; Meng, F.; Heaven, M.R,; Shet, A.S.; Thein, S.L.; Alayash, A.I. Post-translational modification as a response
to cellular stress induced by hemoglobin oxidation in sickle cell disease. Sci. Rep. 2020, 10, 14218. [CrossRef] [PubMed]
Noomuna, P,; Risinger, M.; Zhou, S.; Seu, K.; Man, Y.; An, R.; Sheik, D.A.; Wan, J.; Little, J.A.; Gurkan, U.A ; et al. Inhibition
of Band 3 tyrosine phosphorylation: A new mechanism for treatment of sickle cell disease. Br. . Haematol. 2020, 190, 599-609.
[CrossRef]

Ferru, E.; Pantaleo, A.; Carta, F.; Mannu, F; Khadjavi, A.; Gallo, V.; Ronzoni, L.; Graziadei, G.; Cappellini, M.D.; Turrini, F.
Thalassemic erythrocytes release microparticles loaded with hemichromes by redox activation of p72Syk kinase. Haematologica
2014, 99, 570-578. [CrossRef]

Baliga, S.; Chaudhary, M,; Bhat, S.; Bhansali, P.; Agrawal, A.; Gundawar, S. Estimation of malondialdehyde levels in serum and
saliva of children affected with sickle cell anemia. J. Indian Soc. Pedod. Prev. Dent. 2018, 36, 43-47. [CrossRef]


http://doi.org/10.1002/jcla.23294
http://www.ncbi.nlm.nih.gov/pubmed/32170816
http://doi.org/10.1097/00062752-200303000-00001
http://www.ncbi.nlm.nih.gov/pubmed/12579034
http://doi.org/10.1016/0009-8981(70)90063-X
http://doi.org/10.1001/jama.294.1.81
http://doi.org/10.1111/bjh.12114
http://doi.org/10.1089/ars.2020.8030
http://doi.org/10.1016/S0891-5849(02)00993-0
http://doi.org/10.1042/bj3570593
http://doi.org/10.1002/jcp.22195
http://doi.org/10.1016/j.vph.2009.11.010
http://www.ncbi.nlm.nih.gov/pubmed/19962451
http://doi.org/10.1016/j.niox.2018.06.004
http://www.ncbi.nlm.nih.gov/pubmed/29928990
http://doi.org/10.3324/haematol.12928
http://doi.org/10.1111/j.1365-2141.2009.07658.x
http://www.ncbi.nlm.nih.gov/pubmed/19344390
http://doi.org/10.1111/ejh.12114
http://doi.org/10.1146/annurev-pathmechdis-012418-012838
http://www.ncbi.nlm.nih.gov/pubmed/30332562
http://doi.org/10.3389/fphys.2014.00084
http://doi.org/10.1016/j.bcmd.2013.10.004
http://doi.org/10.1089/ars.2016.6686
http://doi.org/10.1182/blood-2008-07-161166
http://www.ncbi.nlm.nih.gov/pubmed/18988878
http://doi.org/10.1172/jci.insight.120451
http://doi.org/10.1038/s41598-020-71096-6
http://www.ncbi.nlm.nih.gov/pubmed/32848178
http://doi.org/10.1111/bjh.16671
http://doi.org/10.3324/haematol.2013.084533
http://doi.org/10.4103/JISPPD.JISPPD_87_17

Antioxidants 2021, 10, 296 23 of 27

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Shaklai, N.; Sharma, V.S.; Ranney, H.M. Interaction of sickle cell hemoglobin with erythrocyte membranes. Proc. Natl. Acad.
Sci. USA 1981, 78, 65-68. [CrossRef] [PubMed]

Nagababu, E.; Fabry, M.E.; Nagel, R.L.; Rifkind, ].M. Heme degradation and oxidative stress in murine models for
hemoglobinopathies: Thalassemia, sickle cell disease and hemoglobin C disease. Blood Cells Mol. Dis. 2008, 41, 60-66. [CrossRef]
Olatunya, O.S.; Lanaro, C.; Longhini, A.L.; Penteado, C.EE,; Fertrin, K.Y.; Adekile, A.; Saad, S.T.O.; Costa, F.F. Red blood cells
microparticles are associated with hemolysis markers and may contribute to clinical events among sickle cell disease patients.
Ann. Hematol. 2019, 98, 2507-2521. [CrossRef]

Villaescusa, R.; Arce, A.A,; Lalanne-Mistrih, M.L.; Lamarre, Y.; Hierso, R.; Hernandez, C.; Hardy-Dessources, M.D.;
CAREST Study Group. Natural antiband 3 antibodies in patients with sickle cell disease. Comptes Rendus Biologies 2013,
336, 173-176. [CrossRef] [PubMed]

Camus, S.M.; De Moraes, J.A.; Bonnin, P.; Abbyad, P.; Le Jeune, S.; Lionnet, F,; Loufrani, L.; Grimaud, L.; Lambry, J.C,;
Charue, D.; et al. Circulating cell membrane microparticles transfer heme to endothelial cells and trigger vasoocclusions in sickle
cell disease. Blood 2015, 125, 3805-3814. [CrossRef]

Vercellotti, G.M. Special delivery: Microparticles convey heme. Blood 2015, 125, 3677-3678. [CrossRef]

Awojoodu, A.O.; Keegan, PM.; Lane, A.R.; Zhang, Y.; Lynch, K.R.; Platt, M.O.; Botchwey, E.A. Acid sphingomyelinase is activated
in sickle cell erythrocytes and contributes to inflammatory microparticle generation in SCD. Blood 2014, 124, 1941-1950. [CrossRef]
Niki, E. Lipid peroxidation: Physiological levels and dual biological effects. Free Radic. Biol. Med. 2009, 47, 469—-484. [CrossRef]
Kuypers, F.A. Hemoglobin s polymerization and red cell membrane changes. Hematol. Oncol. Clin. N. Am. 2014, 28, 155-179.
[CrossRef]

Hannemann, A.; Rees, D.C.; Brewin, ].N.; Noe, A.; Low, B.; Gibson, ].S. Oxidative stress and phosphatidylserine exposure in red
cells from patients with sickle cell anaemia. Br. ]. Haematol. 2018, 182, 567-578. [CrossRef]

Setty, B.N.; Kulkarni, S.; Stuart, M.J. Role of erythrocyte phosphatidylserine in sickle red cell-endothelial adhesion. Blood 2002,
99, 1564-1571. [CrossRef]

Kuypers, EA,; Styles, L.A. The role of secretory phospholipase A2 in acute chest syndrome. Cell Mol. Biol. 2004, 50, 87-94.
Neidlinger, N.A; Larkin, S.K.; Bhagat, A.; Victorino, G.P,; Kuypers, F.A. Hydrolysis of phosphatidylserine-exposing red blood
cells by secretory phospholipase A2 generates lysophosphatidic acid and results in vascular dysfunction. J. Biol. Chem. 2006,
281,775-781. [CrossRef]

Butikofer, P.; Yee, M.C.; Schott, M.A.; Lubin, B.H.; Kuypers, E.A. Generation of phosphatidic acid during calcium-loading of
human erythrocytes. Evidence for a phosphatidylcholine-hydrolyzing phospholipase D. Eur. ]. Biochem. 1993, 213, 367-375.
[CrossRef]

Hsu, L.L.; Champion, H.C.; Campbell-Lee, S.A.; Bivalacqua, T.J.; Manci, E.A.; Diwan, B.A.; Schimel, D.M.; Cochard, A.E.;
Wang, X.; Schechter, A.N.; et al. Hemolysis in sickle cell mice causes pulmonary hypertension due to global impairment in nitric
oxide bioavailability. Blood 2007, 109, 3088-3098. [CrossRef]

Taylor, ].G.t.; Nolan, V.G.; Mendelsohn, L.; Kato, G.J.; Gladwin, M.T.; Steinberg, M.H. Chronic hyper-hemolysis in sickle cell
anemia: Association of vascular complications and mortality with less frequent vasoocclusive pain. PLoS ONE 2008, 3, e2095.
[CrossRef]

Pearson, H.A.; Gallagher, D.; Chilcote, R.; Sullivan, E.; Wilimas, J.; Espeland, M.; Ritchey, A K. Developmental pattern of splenic
dysfunction in sickle cell disorders. Pediatrics 1985, 76, 392-397.

Potoka, K.P; Gladwin, M.T. Vasculopathy and pulmonary hypertension in sickle cell disease. Am. J. Physiol. Lung Cell. Mol. Physiol
2015, 308, L314-1.324. [CrossRef] [PubMed]

van Beers, E.J.; Yang, Y.; Raghavachari, N.; Tian, X.; Allen, D.T.; Nichols, J.S.; Mendelsohn, L.; Nekhai, S.; Gordeuk, V.R,;
Taylor, J.G.t,; et al. Iron, inflammation, and early death in adults with sickle cell disease. Circ. Res. 2015, 116, 298-306. [CrossRef]
[PubMed]

Belcher, ].D.; Mahaseth, H.; Welch, T.E.; Otterbein, L.E.; Hebbel, R.P.; Vercellotti, G.M. Heme oxygenase-1 is a modulator of
inflammation and vaso-occlusion in transgenic sickle mice. J. Clin. Investig. 2006, 116, 808-816. [CrossRef] [PubMed]

Belcher, J.D.; Chen, C.; Nguyen, J.; Milbauer, L.; Abdulla, F.; Alayash, A.L; Smith, A.; Nath, K.A.; Hebbel, R.P; Vercellotti, G.M.
Heme triggers TLR4 signaling leading to endothelial cell activation and vaso-occlusion in murine sickle cell disease. Blood 2014,
123, 377-390. [CrossRef]

Klings, E.S.; Farber, H.W. Role of free radicals in the pathogenesis of acute chest syndrome in sickle cell disease. Respir. Res. 2001,
2,280-285. [CrossRef]

Alam, M.Z.; Devalaraja, S.; Haldar, M. The Heme Connection: Linking Erythrocytes and Macrophage Biology. Front. Immunol.
2017, 8, 33. [CrossRef]

Silva, G.; Jeney, V.; Chora, A.; Larsen, R.; Balla, J.; Soares, M.P. Oxidized hemoglobin is an endogenous proinflammatory agonist
that targets vascular endothelial cells. J. Biol. Chem. 2009, 284, 29582-29595. [CrossRef]

Jeney, V; Balla, J.; Yachie, A.; Varga, Z.; Vercellotti, G.M.; Eaton, ].W,; Balla, G. Pro-oxidant and cytotoxic effects of circulating
heme. Blood 2002, 100, 879-887. [CrossRef]

Chaar, V,; Picot, J.; Renaud, O.; Bartolucci, P.; Nzouakou, R.; Bachir, D.; Galacteros, E.; Colin, Y.; Le Van Kim, C.; El Nemer, W.
Aggregation of mononuclear and red blood cells through an {alpha}4{beta}1-Lu/basal cell adhesion molecule interaction in sickle
cell disease. Haematologica 2010, 95, 1841-1848. [CrossRef]


http://doi.org/10.1073/pnas.78.1.65
http://www.ncbi.nlm.nih.gov/pubmed/6941263
http://doi.org/10.1016/j.bcmd.2007.12.003
http://doi.org/10.1007/s00277-019-03792-x
http://doi.org/10.1016/j.crvi.2012.09.002
http://www.ncbi.nlm.nih.gov/pubmed/23643401
http://doi.org/10.1182/blood-2014-07-589283
http://doi.org/10.1182/blood-2015-04-639484
http://doi.org/10.1182/blood-2014-01-543652
http://doi.org/10.1016/j.freeradbiomed.2009.05.032
http://doi.org/10.1016/j.hoc.2013.12.002
http://doi.org/10.1111/bjh.15441
http://doi.org/10.1182/blood.V99.5.1564
http://doi.org/10.1074/jbc.M505790200
http://doi.org/10.1111/j.1432-1033.1993.tb17770.x
http://doi.org/10.1182/blood-2006-08-039438
http://doi.org/10.1371/journal.pone.0002095
http://doi.org/10.1152/ajplung.00252.2014
http://www.ncbi.nlm.nih.gov/pubmed/25398989
http://doi.org/10.1161/CIRCRESAHA.116.304577
http://www.ncbi.nlm.nih.gov/pubmed/25378535
http://doi.org/10.1172/JCI26857
http://www.ncbi.nlm.nih.gov/pubmed/16485041
http://doi.org/10.1182/blood-2013-04-495887
http://doi.org/10.1186/rr70
http://doi.org/10.3389/fimmu.2017.00033
http://doi.org/10.1074/jbc.M109.045344
http://doi.org/10.1182/blood.V100.3.879
http://doi.org/10.3324/haematol.2010.026294

Antioxidants 2021, 10, 296 24 of 27

95.

96.
97.

98.

99.

100.

101.

102.

103.

104.
105.
106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Okpala, I. The intriguing contribution of white blood cells to sickle cell disease—A red cell disorder. Blood Rev. 2004, 18, 65-73.
[CrossRef]

Baynes, ].W. Chemical modification of proteins by lipids in diabetes. Clin. Chem. Lab. Med. 2003, 41, 1159-1165. [CrossRef]
Sugiyama, S.; Miyata, T.; Inagi, R.; Kurokawa, K. Implication of the glycoxidation and lipoxidation reactions in the pathogenesis
of dialysis-related amyloidosis (Review). Int. . Mol. Med. 1998, 2, 561-565. [CrossRef] [PubMed]

Prasad, A.; Bekker, P.; Tsimikas, S. Advanced glycation end products and diabetic cardiovascular disease. Cardiol. Rev. 2012,
20, 177-183. [CrossRef]

Li, J.; Liu, D.; Sun, L.; Lu, Y.;; Zhang, Z. Advanced glycation end products and neurodegenerative diseases: Mechanisms and
perspective. J. Neurol. Sci. 2012, 317, 1-5. [CrossRef]

Pamplona, R. Mitochondrial DNA damage and animal longevity: Insights from comparative studies. J. Aging Res. 2011,
2011, 807108. [CrossRef]

Vistoli, G.; De Maddis, D.; Cipak, A.; Zarkovic, N.; Carini, M.; Aldini, G. Advanced glycoxidation and lipoxidation end products
(AGEs and ALEs): An overview of their mechanisms of formation. Free Radic. Res. 2013, 47 (Suppl. S1), 3-27. [CrossRef]
[PubMed]

Fu, M.X,; Requena, J.R;; Jenkins, A.J.; Lyons, T.].; Baynes, ].W.; Thorpe, S.R. The advanced glycation end product, Nepsilon-
(carboxymethyl)lysine, is a product of both lipid peroxidation and glycoxidation reactions. J. Biol. Chem. 1996, 271, 9982-9986.
[CrossRef]

Hammes, H.P.; Brownlee, M.; Lin, J.; Schleicher, E.; Bretzel, R.G. Diabetic retinopathy risk correlates with intracellular con-
centrations of the glycoxidation product Nepsilon-(carboxymethyl) lysine independently of glycohaemoglobin concentrations.
Diabetologia 1999, 42, 603-607. [CrossRef] [PubMed]

Baynes, J.W. The role of AGEs in aging: Causation or correlation. Exp. Gerontol. 2001, 36, 1527-1537. [CrossRef]

Brownlee, M. Negative consequences of glycation. Metabolism 2000, 49, 9-13. [CrossRef]

Ramasamy, R.; Vannucci, S.J.; Yan, S.S.; Herold, K.; Yan, S.F.; Schmidt, A.M. Advanced glycation end products and RAGE:
A common thread in aging, diabetes, neurodegeneration, and inflammation. Glycobiology 2005, 15, 16R-28R. [CrossRef]
Wautier, J.L.; Wautier, M.P.; Schmidt, A.M.; Anderson, G.M.; Hori, O.; Zoukourian, C.; Capron, L.; Chappey, O.; Yan, S.D;
Brett, J.; et al. Advanced glycation end products (AGEs) on the surface of diabetic erythrocytes bind to the vessel wall via a
specific receptor inducing oxidant stress in the vasculature: A link between surface-associated AGEs and diabetic complications.
Proc. Natl. Acad. Sci. USA 1994, 91, 7742-7746. [CrossRef]

Spickett, C.M.; Pitt, A.R. Modification of proteins by reactive lipid oxidation products and biochemical effects of lipoxidation.
Essays Biochem. 2020, 64, 19-31. [CrossRef]

Wei, X.; Yin, H. Covalent modification of DNA by alpha, beta-unsaturated aldehydes derived from lipid peroxidation: Recent
progress and challenges. Free Radic. Res. 2015, 49, 905-917. [CrossRef]

Somjee, S.S.; Warrier, R.P.; Thomson, J.L.; Ory-Ascani, J.; Hempe, ]. M. Advanced glycation end-products in sickle cell anaemia.
Br. J. Haematol. 2005, 128, 112-118. [CrossRef]

Nur, E.; Brandjes, D.P,; Schnog, J.J.; Otten, H.M.; Fijnvandraat, K.; Schalkwijk, C.G.; Biemond, B.J.; CURAMA Study Group.
Plasma levels of advanced glycation end products are associated with haemolysis-related organ complications in sickle cell
patients. Br. J. Haematol. 2010, 151, 62-69. [CrossRef]

Safwat, N.A.; Kenny, M.A. Soluble receptor for advanced glycation end products as a vasculopathy biomarker in sickle cell
disease. Pediatr. Res. 2018, 84, 869-874. [CrossRef]

Zhang, F; Banker, G.; Liu, X.; Suwanabol, P.A.; Lengfeld, J.; Yamanouchi, D.; Kent, K.C.; Liu, B. The novel function of advanced
glycation end products in regulation of MMP-9 production. . Surg. Res. 2011, 171, 871-876. [CrossRef] [PubMed]

Rajagopalan, S.; Meng, X.P.; Ramasamy, S.; Harrison, D.G.; Galis, Z.S. Reactive oxygen species produced by macrophage-derived
foam cells regulate the activity of vascular matrix metalloproteinases in vitro. Implications for atherosclerotic plaque stability.
J. Clin. Investig. 1996, 98, 2572-2579. [CrossRef] [PubMed]

Siwik, D.A.; Pagano, P.J.; Colucci, W.S. Oxidative stress regulates collagen synthesis and matrix metalloproteinase activity in
cardiac fibroblasts. Am. J. Physiol. Cell Physiol. 2001, 280, C53—-C60. [CrossRef]

Schmidt, A.M. Soluble RAGEs—Prospects for treating & tracking metabolic and inflammatory disease. Vascul. Pharmacol. 2015,
72,1-8. [CrossRef]

Essien, E.U. Increased susceptibility of erythrocyte membrane lipids to peroxidation in sickle cell disease. Cent. Afr. J. Med. 1994,
40, 217-220. [PubMed]

Belcher, ]J.D.; Marker, PH.; Geiger, P.; Girotti, A.W.; Steinberg, M.H.; Hebbel, R.P,; Vercellotti, G.M. Low-density lipoprotein
susceptibility to oxidation and cytotoxicity to endothelium in sickle cell anemia. J. Lab. Clin. Med. 1999, 133, 605-612. [CrossRef]
Klings, E.S.; Christman, B.W.; McClung, J.; Stucchi, A.F.; McMahon, L.; Brauer, M.; Farber, H.W. Increased F2 isoprostanes in the
acute chest syndrome of sickle cell disease as a marker of oxidative stress. Am. |. Respir. Crit. Care Med. 2001, 164, 1248-1252.
[CrossRef] [PubMed]

Detterich, J.A.; Liu, H.; Suriany, S.; Kato, R.M.; Chalacheva, P,; Tedla, B.; Shah, PM.; Khoo, M.C.; Wood, ].C.; Coates, T.D.; et al.
Erythrocyte and plasma oxidative stress appears to be compensated in patients with sickle cell disease during a period of relative
health, despite the presence of known oxidative agents. Free Radic. Biol. Med. 2019, 141, 408-415. [CrossRef]


http://doi.org/10.1016/S0268-960X(03)00037-7
http://doi.org/10.1515/CCLM.2003.179
http://doi.org/10.3892/ijmm.2.5.561
http://www.ncbi.nlm.nih.gov/pubmed/9858652
http://doi.org/10.1097/CRD.0b013e318244e57c
http://doi.org/10.1016/j.jns.2012.02.018
http://doi.org/10.4061/2011/807108
http://doi.org/10.3109/10715762.2013.815348
http://www.ncbi.nlm.nih.gov/pubmed/23767955
http://doi.org/10.1074/jbc.271.17.9982
http://doi.org/10.1007/s001250051201
http://www.ncbi.nlm.nih.gov/pubmed/10333054
http://doi.org/10.1016/S0531-5565(01)00138-3
http://doi.org/10.1016/S0026-0495(00)80078-5
http://doi.org/10.1093/glycob/cwi053
http://doi.org/10.1073/pnas.91.16.7742
http://doi.org/10.1042/EBC20190058
http://doi.org/10.3109/10715762.2015.1040009
http://doi.org/10.1111/j.1365-2141.2004.05274.x
http://doi.org/10.1111/j.1365-2141.2010.08320.x
http://doi.org/10.1038/s41390-018-0221-7
http://doi.org/10.1016/j.jss.2010.04.027
http://www.ncbi.nlm.nih.gov/pubmed/20638679
http://doi.org/10.1172/JCI119076
http://www.ncbi.nlm.nih.gov/pubmed/8958220
http://doi.org/10.1152/ajpcell.2001.280.1.C53
http://doi.org/10.1016/j.vph.2015.06.011
http://www.ncbi.nlm.nih.gov/pubmed/7813000
http://doi.org/10.1016/S0022-2143(99)90191-9
http://doi.org/10.1164/ajrccm.164.7.2101020
http://www.ncbi.nlm.nih.gov/pubmed/11673218
http://doi.org/10.1016/j.freeradbiomed.2019.07.004

Antioxidants 2021, 10, 296 25 of 27

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Akohoue, S.A.; Shankar, S.; Milne, G.L.; Morrow, J.; Chen, K.Y.; Ajayi, W.U.; Buchowski, M.S. Energy expenditure, inflammation,
and oxidative stress in steady-state adolescents with sickle cell anemia. Pediatr. Res. 2007, 61, 233-238. [CrossRef]

Mockesch, B.; Connes, P,; Charlot, K.; Skinner, S.; Hardy-Dessources, M.D.; Romana, M.; Jumet, S.; Petras, M.; Divialle-Doumdo,
L.; Martin, C.; et al. Association between oxidative stress and vascular reactivity in children with sickle cell anaemia and sickle
haemoglobin C disease. Br. |. Haematol. 2017, 178, 468-475. [CrossRef]

Yalamanoglu, A.; Deuel, ] W.; Hunt, R.C.; Baek, ].H.; Hassell, K.; Redinius, K.; Irwin, D.C.; Schaer, D.J.; Buehler, PW. Depletion of
haptoglobin and hemopexin promote hemoglobin-mediated lipoprotein oxidation in sickle cell disease. Am. J. Physiol. Lung Cell
Mol. Physiol. 2018, 315, L765-L774. [CrossRef]

Antwi-Boasiako, C.; Dankwah, G.B.; Aryee, R.; Hayfron-Benjamin, C.; Donkor, E.S.; Campbell, A.D. Oxidative Profile of Patients
with Sickle Cell Disease. Med. Sci. 2019, 7, 17. [CrossRef] [PubMed]

Reno, C.O.; Barbosa, A.R.; de Carvalho, S.S.; Pinheiro, M.B.; Rios, D.R.; Cortes, V.F.; Barbosa, L.A.; Santos, H.L. Oxidative stress
assessment in sickle cell anemia patients treated with hydroxyurea. Ann. Hematol. 2020, 99, 937-945. [CrossRef]

Parthasarathy, S.; Raghavamenon, A.; Garelnabi, M.O.; Santanam, N. Oxidized low-density lipoprotein. Methods Mol. Biol. 2010,
610, 403-417. [CrossRef]

Rusanova, I.; Escames, G.; Cossio, G.; de Borace, R.G.; Moreno, B.; Chahboune, M.; Lopez, L.C.; Diez, T.; Acuna-Castroviejo, D.
Oxidative stress status, clinical outcome, and beta-globin gene cluster haplotypes in pediatric patients with sickle cell disease.
Eur. . Haematol. 2010, 85, 529-537. [CrossRef] [PubMed]

Chaves, N.A.; Alegria, T.G.P; Dantas, L.S.; Netto, L.E.S.; Miyamoto, S.; Bonini Domingos, C.R.; da Silva, D.G.H. Impaired
antioxidant capacity causes a disruption of metabolic homeostasis in sickle erythrocytes. Free Radic. Biol. Med. 2019, 141, 34—46.
[CrossRef] [PubMed]

Manfredini, V.; Lazzaretti, L.L.; Griebeler, LH.; Santin, A.P; Brandao, V.D.; Wagner, S.; Castro, S.M.; Peralba Mdo, C.; Benfato, M.S.
Blood antioxidant parameters in sickle cell anemia patients in steady state. J. Natl. Med. Assoc. 2008, 100, 897-902. [CrossRef]
Cho, C.S.; Kato, G.J.; Yang, S.H.; Bae, SW.,; Lee, ].S.; Gladwin, M.T.; Rhee, S.G. Hydroxyurea-induced expression of glutathione
peroxidase 1 in red blood cells of individuals with sickle cell anemia. Antioxid. Redox Signal. 2010, 13, 1-11. [CrossRef]
Hanschmann, E.M.; Godoy, J.R.; Berndt, C.; Hudemann, C.; Lillig, C.H. Thioredoxins, glutaredoxins, and peroxiredoxins—
Molecular mechanisms and health significance: From cofactors to antioxidants to redox signaling. Antioxid. Redox Signal. 2013,
19, 1539-1605. [CrossRef] [PubMed]

Bindoli, A.; Rigobello, M.P. Principles in redox signaling: From chemistry to functional significance. Antioxid. Redox Signal. 2013,
18, 1557-1593. [CrossRef] [PubMed]

Low, EM.; Hampton, M.B.; Winterbourn, C.C. Peroxiredoxin 2 and peroxide metabolism in the erythrocyte. Antioxid. Redox Signal.
2008, 10, 1621-1630. [CrossRef] [PubMed]

Zerez, C.R,; Lachant, N.A.; Lee, S.J.; Tanaka, K.R. Decreased erythrocyte nicotinamide adenine dinucleotide redox potential and
abnormal pyridine nucleotide content in sickle cell disease. Blood 1988, 71, 512-515. [CrossRef]

Nur, E.; Brandjes, D.P,; Teerlink, T.; Otten, H.M.; Oude Elferink, R.P.; Muskiet, F.; Evers, L.M.; Ten Cate, H.; Biemond, B.J.;
Duits, AJ.; et al. N-acetylcysteine reduces oxidative stress in sickle cell patients. Ann. Hematol. 2012, 91, 1097-1105. [CrossRef]
Morris, C.R.; Suh, J.H.; Hagar, W.; Larkin, S.; Bland, D.A.; Steinberg, M.H.; Vichinsky, E.P; Shigenaga, M.; Ames, B,;
Kuypers, EA; et al. Erythrocyte glutamine depletion, altered redox environment, and pulmonary hypertension in sickle cell
disease. Blood 2008, 111, 402-410. [CrossRef]

Darghouth, D.; Koehl, B.; Madalinski, G.; Heilier, ].E; Bovee, P; Xu, Y.; Olivier, M.E; Bartolucci, P.; Benkerrou, M.; Pissard, S.; et al.
Pathophysiology of sickle cell disease is mirrored by the red blood cell metabolome. Blood 2011, 117, e57-e66. [CrossRef]
Rogers, S.C.; Ross, J.G.; d’Avignon, A.; Gibbons, L.B.; Gazit, V.; Hassan, M.N.; McLaughlin, D.; Griffin, S.; Neumayr, T.;
Debaun, M.; et al. Sickle hemoglobin disturbs normal coupling among erythrocyte O2 content, glycolysis, and antioxidant
capacity. Blood 2013, 121, 1651-1662. [CrossRef]

Reid, M.; Badaloo, A.; Forrester, T.; Jahoor, F. In vivo rates of erythrocyte glutathione synthesis in adults with sickle cell disease.
Am. ]. Physiol. Endocrinol. Metab. 2006, 291, E73-E79. [CrossRef]

Xiong, Y.; Uys, ].D.; Tew, K.D.; Townsend, D.M. S-glutathionylation: From molecular mechanisms to health outcomes.
Antioxid. Redox Signal. 2011, 15, 233-270. [CrossRef]

Garel, M.C.; Domenget, C.; Caburi-Martin, J.; Prehu, C.; Galacteros, F.; Beuzard, Y. Covalent binding of glutathione to hemoglobin.
I. Inhibition of hemoglobin S polymerization. . Biol. Chemn. 1986, 261, 14704-14709. [CrossRef]

Moore, R.B.; Shriver, S.K,; Jenkins, L.D.; Mankad, V.N.; Shah, A.K,; Plishker, G.A. Calpromotin, a cytoplasmic protein, is associated
with the formation of dense cells in sickle cell anemia. Am. J. Hematol. 1997, 56, 100-106. [CrossRef]

Basu, A.; Saha, S.; Karmakar, S.; Chakravarty, S.; Banerjee, D.; Dash, B.P.; Chakrabarti, A. 2D DIGE based proteomics study of
erythrocyte cytosol in sickle cell disease: Altered proteostasis and oxidative stress. Proteomics 2013, 13, 3233-3242. [CrossRef]
[PubMed]

Low, EM.; Hampton, M.B.; Peskin, A.V.; Winterbourn, C.C. Peroxiredoxin 2 functions as a noncatalytic scavenger of low-level
hydrogen peroxide in the erythrocyte. Blood 2007, 109, 2611-2617. [CrossRef] [PubMed]

Matte, A.; Low, P.S.; Turrini, F; Bertoldi, M.; Campanella, M.E.; Spano, D.; Pantaleo, A.; Siciliano, A.; De Franceschi, L.
Peroxiredoxin-2 expression is increased in beta-thalassemic mouse red cells but is displaced from the membrane as a marker of
oxidative stress. Free Radic. Biol. Med. 2010, 49, 457-466. [CrossRef]


http://doi.org/10.1203/pdr.0b013e31802d7754
http://doi.org/10.1111/bjh.14693
http://doi.org/10.1152/ajplung.00269.2018
http://doi.org/10.3390/medsci7020017
http://www.ncbi.nlm.nih.gov/pubmed/30691006
http://doi.org/10.1007/s00277-020-03987-7
http://doi.org/10.1007/978-1-60327-029-8_24
http://doi.org/10.1111/j.1600-0609.2010.01528.x
http://www.ncbi.nlm.nih.gov/pubmed/20846340
http://doi.org/10.1016/j.freeradbiomed.2019.05.034
http://www.ncbi.nlm.nih.gov/pubmed/31163255
http://doi.org/10.1016/s0027-9684(15)31402-4
http://doi.org/10.1089/ars.2009.2978
http://doi.org/10.1089/ars.2012.4599
http://www.ncbi.nlm.nih.gov/pubmed/23397885
http://doi.org/10.1089/ars.2012.4655
http://www.ncbi.nlm.nih.gov/pubmed/23244515
http://doi.org/10.1089/ars.2008.2081
http://www.ncbi.nlm.nih.gov/pubmed/18479207
http://doi.org/10.1182/blood.V71.2.512.512
http://doi.org/10.1007/s00277-011-1404-z
http://doi.org/10.1182/blood-2007-04-081703
http://doi.org/10.1182/blood-2010-07-299636
http://doi.org/10.1182/blood-2012-02-414037
http://doi.org/10.1152/ajpendo.00287.2005
http://doi.org/10.1089/ars.2010.3540
http://doi.org/10.1016/S0021-9258(18)66928-5
http://doi.org/10.1002/(SICI)1096-8652(199710)56:2&lt;100::AID-AJH5&gt;3.0.CO;2-2
http://doi.org/10.1002/pmic.201300177
http://www.ncbi.nlm.nih.gov/pubmed/24030922
http://doi.org/10.1182/blood-2006-09-048728
http://www.ncbi.nlm.nih.gov/pubmed/17105810
http://doi.org/10.1016/j.freeradbiomed.2010.05.003

Antioxidants 2021, 10, 296 26 of 27

146.

147.

148.

149.
150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Han, Y.H.; Kim, S.U.; Kwon, T.H.; Lee, D.S.; Ha, H.L.; Park, D.S.; Woo, E.J.; Lee, S.H.; Kim, ].M.; Chae, H.B.; et al. Peroxiredoxin II
is essential for preventing hemolytic anemia from oxidative stress through maintaining hemoglobin stability. Biochem. Biophys.
Res. Commun. 2012, 426, 427-432. [CrossRef]

Wicher, K.B.; Fries, E. Evolutionary aspects of hemoglobin scavengers. Antioxid. Redox Signal. 2010, 12, 249-259. [CrossRef]
[PubMed]

Smith, A.; McCulloh, R.J. Hemopexin and haptoglobin: Allies against heme toxicity from hemoglobin not contenders.
Front. Physiol. 2015, 6, 187. [CrossRef]

Alayash, A.I. Haptoglobin: Old protein with new functions. Clin. Chim. Acta 2011, 412, 493-498. [CrossRef]

Noyes, W.D.; Garby, L. Rate of haptoglobin in synthesis in normal man. Determinations by the return to normal levels following
hemoglobin infusion. Scand. . Clin. Lab. Investig. 1967, 20, 33-38. [CrossRef]

Thomas, A.M.; Gerogianni, A.; McAdam, M.B.; Floisand, Y.; Lau, C.; Espevik, T.; Nilsson, PH.; Mollnes, T.E.; Barratt-Due, A. Com-
plement Component C5 and TLR Molecule CD14 Mediate Heme-Induced Thromboinflammation in Human Blood. J. Immunol.
2019, 203, 1571-1578. [CrossRef]

Santiago, R.P.; Guarda, C.C.; Figueiredo, C.V.B.; Fiuza, L.M.; Aleluia, M.M.; Adanho, C.S.A.; Carvalho, M.O.S,; Pitanga, T.N.;
Zanette, D.L.; Lyra, LM.; et al. Serum haptoglobin and hemopexin levels are depleted in pediatric sickle cell disease patients.
Blood Cells Mol. Dis. 2018, 72, 34-36. [CrossRef]

Roumenina, L.T.; Chadebech, P.; Bodivit, G.; Vieira-Martins, P.; Grunenwald, A.; Boudhabhay, I.; Poillerat, V.; Pakdaman, S.;
Kiger, L.; Jouard, A.; et al. Complement activation in sickle cell disease: Dependence on cell density, hemolysis and modulation
by hydroxyurea therapy. Am. J. Hematol. 2020, 95, 456—464. [CrossRef]

Ji, X;; Feng, Y,; Tian, H.; Meng, W.; Wang, W.; Liu, N.; Zhang, J.; Wang, L.; Wang, J.; Gao, H. The Mechanism of Proinflammatory
HDL Generation in Sickle Cell Disease Is Linked to Cell-Free Hemoglobin via Haptoglobin. PLoS ONE 2016, 11, e0164264.
[CrossRef]

Vendrame, F; Olops, L.; Saad, S.T.O.; Costa, EE,; Fertrin, K.Y. Differences in heme and hemopexin content in lipoproteins from
patients with sickle cell disease. J. Clin. Lipidol. 2018, 12, 1532-1538. [CrossRef] [PubMed]

Kapoor, S.; Little, J.A.; Pecker, L.H. Advances in the Treatment of Sickle Cell Disease. Mayo Clin. Proc. 2018, 93, 1810-1824.
[CrossRef]

Niihara, Y.; Macan, H.; Eckman, J.R.; Koh, H.; Cooper, M.L.; Ziegler, T.R.; Razon, R.; Tanaka, K.R.; Stark, C.W.; Johnson, C.S.
L-Glutamine Therapy Reduces Hospitalization for Sickle Cell Anemia and Sickle 3°-Thalassemia Patients at Six Months—A
Phase II Randomized Trial. Clin. Pharmacol. Biopharm. 2014, 3, 116. [CrossRef]

Niihara, Y.; Miller, S.T.; Kanter, J.; Lanzkron, S.; Smith, W.R.; Hsu, L.L.; Gordeuk, V.R.; Viswanathan, K.; Sarnaik, S.;
Osunkwo, I; et al. A Phase 3 Trial of 1-Glutamine in Sickle Cell Disease. N. Engl. . Med. 2018, 379, 226-235. [CrossRef] [PubMed]
Ortiz de Montellano, PR. A New Step in the Treatment of Sickle Cell DiseasePublished as part of the Biochemistry series
“Biochemistry to Bedside”. Biochemistry 2018, 57, 470-471. [CrossRef] [PubMed]

Silva, D.G.H.; Belini Junior, E.; de Almeida, E.A.; Bonini-Domingos, C.R. Oxidative stress in sickle cell disease: An overview
of erythrocyte redox metabolism and current antioxidant therapeutic strategies. Free Radic. Biol. Med. 2013, 65, 1101-1109.
[CrossRef] [PubMed]

Zemel, B.S.; Kawchak, D.A.; Fung, E.B.; Ohene-Frempong, K.; Stallings, V.A. Effect of zinc supplementation on growth and body
composition in children with sickle cell disease. Am. J. Clin. Nutr. 2002, 75, 300-307. [CrossRef]

Bao, B.; Prasad, A.S.; Beck, EW,; Snell, D.; Suneja, A.; Sarkar, EH.; Doshi, N.; Fitzgerald, ].T.; Swerdlow, P. Zinc supplementation
decreases oxidative stress, incidence of infection, and generation of inflammatory cytokines in sickle cell disease patients.
Transl. Res. 2008, 152, 67-80. [CrossRef]

Aboursheid, T.; Albaroudi, O.; Alahdab, F. Inhaled nitric oxide for treating pain crises in people with sickle cell disease.
Cochrane Database Syst. Rev. 2019, 10, CD011808. [CrossRef]

Dasgupta, T.; Hebbel, R.P.; Kaul, D.K. Protective effect of arginine on oxidative stress in transgenic sickle mouse models. Free Radic.
Biol. Med. 2006, 41, 1771-1780. [CrossRef] [PubMed]

Kaul, D.K,; Zhang, X.; Dasgupta, T.; Fabry, M.E. Arginine therapy of transgenic-knockout sickle mice improves microvascular
function by reducing non-nitric oxide vasodilators, hemolysis, and oxidative stress. Am. ]. Physiol. Heart Circ. Physiol. 2008,
295, H39-H47. [CrossRef] [PubMed]

Vasquez-Vivar, J. Tetrahydrobiopterin, superoxide, and vascular dysfunction. Free Radic. Biol. Med. 2009, 47,1108-1119. [CrossRef]
Lal, A.; Suh, J.H.; Atamna, W.; Canty, B.; Hagar, W.; Vichinsky, E.E.; Ames, B. Anti-oxidant treatment with alipoic acid and acetyl
L-carnitine in hemoglobinopathies. Blood 2007, 11, 3799. [CrossRef]

Lal, A.; Atamna, W,; Killilea, D.W.; Suh, ].H.; Ames, B.N. Lipoic acid and acetyl-carnitine reverse iron-induced oxidative stress in
human fibroblasts. Redox Rep. 2008, 13, 2-10. [CrossRef] [PubMed]

Kaddam, L.; Fadl-Elmula, I; Eisawi, O.A.; Abdelrazig, H.A.; Salih, M.A ; Lang, F; Saeed, A.M. Gum Arabic as novel anti-oxidant
agent in sickle cell anemia, phase II trial. BMC Hematol. 2017, 17, 4. [CrossRef] [PubMed]

Kalish, B.T.; Matte, A.; Andolfo, I; Iolascon, A.; Weinberg, O.; Ghigo, A.; Cimino, ].; Siciliano, A.; Hirsch, E.; Federti, E.; et al.
Dietary omega-3 fatty acids protect against vasculopathy in a transgenic mouse model of sickle cell disease. Haematologica 2015,
100, 870-880. [CrossRef]


http://doi.org/10.1016/j.bbrc.2012.08.113
http://doi.org/10.1089/ars.2009.2760
http://www.ncbi.nlm.nih.gov/pubmed/19650711
http://doi.org/10.3389/fphys.2015.00187
http://doi.org/10.1016/j.cca.2010.12.011
http://doi.org/10.1080/00365516709076917
http://doi.org/10.4049/jimmunol.1900047
http://doi.org/10.1016/j.bcmd.2018.07.002
http://doi.org/10.1002/ajh.25742
http://doi.org/10.1371/journal.pone.0164264
http://doi.org/10.1016/j.jacl.2018.08.002
http://www.ncbi.nlm.nih.gov/pubmed/30219641
http://doi.org/10.1016/j.mayocp.2018.08.001
http://doi.org/10.4172/2167-065X.1000116
http://doi.org/10.1056/NEJMoa1715971
http://www.ncbi.nlm.nih.gov/pubmed/30021096
http://doi.org/10.1021/acs.biochem.7b00785
http://www.ncbi.nlm.nih.gov/pubmed/29172465
http://doi.org/10.1016/j.freeradbiomed.2013.08.181
http://www.ncbi.nlm.nih.gov/pubmed/24002011
http://doi.org/10.1093/ajcn/75.2.300
http://doi.org/10.1016/j.trsl.2008.06.001
http://doi.org/10.1002/14651858.CD011808.pub2
http://doi.org/10.1016/j.freeradbiomed.2006.08.025
http://www.ncbi.nlm.nih.gov/pubmed/17157180
http://doi.org/10.1152/ajpheart.00162.2008
http://www.ncbi.nlm.nih.gov/pubmed/18456737
http://doi.org/10.1016/j.freeradbiomed.2009.07.024
http://doi.org/10.1182/blood.V110.11.3799.3799
http://doi.org/10.1179/135100008X259150
http://www.ncbi.nlm.nih.gov/pubmed/18284845
http://doi.org/10.1186/s12878-017-0075-y
http://www.ncbi.nlm.nih.gov/pubmed/28331623
http://doi.org/10.3324/haematol.2015.124586

Antioxidants 2021, 10, 296 27 of 27

171. Badria, FA,; Ibrahim, A.S.; Badria, A.F; Elmarakby, A.A. Curcumin Attenuates Iron Accumulation and Oxidative Stress in the
Liver and Spleen of Chronic Iron-Overloaded Rats. PLoS ONE 2015, 10, e0134156. [CrossRef] [PubMed]

172. Badria, EA.; Ibrahim, A.S.; Badria, A.F.; Elmarakby, A.A. Correction: Curcumin attenuates iron accumulation and oxidative stress
in the liver and spleen of chronic iron-overloaded rats. PLoS ONE 2020, 15, e0243398. [CrossRef] [PubMed]

173. Belini Junior, E.; da Silva, D.G.; Torres Lde, S.; de Almeida, E.A.; Cancado, R.D.; Chiattone, C.; Bonini-Domingos, C.R. Oxidative
stress and antioxidant capacity in sickle cell anaemia patients receiving different treatments and medications for different periods
of time. Ann. Hematol. 2012, 91, 479-489. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.pone.0134156
http://www.ncbi.nlm.nih.gov/pubmed/26230491
http://doi.org/10.1371/journal.pone.0243398
http://www.ncbi.nlm.nih.gov/pubmed/33259556
http://doi.org/10.1007/s00277-011-1340-y
http://www.ncbi.nlm.nih.gov/pubmed/21947087

	Introduction 
	Source of ROS in SCD 
	Increased Activity of Several Oxidases 
	HbS Autoxidation 
	Heme and Iron Release 
	Decreased NO Bioavailability 
	Uncoupling of NOS Activity 
	Increased Asymmetric Dimethylarginine 

	Oxidative Damage to Intracellular Components in SCD RBCs 
	Oxidative Damage to SCD RBCs Cytoskeletal Proteins 
	Oxidative Damage to SCD RBCs Membrane Lipids 

	RBC Hemolysis 
	Cell Adhesion and Vessel Occlusion 
	Advanced Glycoxidation and Lipoxidation End-Products 
	Antioxidant Defenses in SCD 
	Antioxidant Therapy for SCD 
	L-Glutamine 
	N-Acetylcysteine (NAC) 
	Zinc Supplementation 
	Nitric Oxide and L-Arginine 
	-Lipoic Acid and Acetyl-L-Carnitine 
	Other Antioxidant Agents 

	Conclusions 
	References

